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The 10F¢~ Anion:
The First Example of a Pentagonal Bipyramidal AXsYZ Species®

K.O. Christe,*-! D.A. Dixon? A.R. Mahjoub,3 H.P A. Mercier® J.C.P. Sanders*

K. Seppelt,* 3 G.J. Schrobilgen,” 4 and W.W. Wilson!

Contribution from Rocketdyne, A Division of Rockwell International, Canoga Park, California
91309, the Department of Chemistry, McMaster University, Hamilion, Ontario L8S 4M1, Canada,
the Central Research and Development Depariment, E 1. du Pont de Nemours and Company., Inc.,

Experimental Station, Wilmington, Delaware 19880-0328. and the Institut fiir Anorganische und
Analytische Chemie der Freien Universiidt, Berlin, Germany.

ABSTRACT

The 10F¢™ anion, which is the first example of a pentagonal bipyramidal AXsYZ type
species, was prepared in the form of its stable N(CH3)4" salt. Its X-ray crystal structure was
determined at -93 © and -155 °C (tetragonal, space group P4/nmm, Z = 2). In addition to two
perfectly ordered N(CH3)4™ cations, the structure contains two IOFg™ anions of approximate Csy
symmetry which are subject to a positional four-fold disorder for the equatorial plane. The
O-I-F3x angle is constrained by symmetry to be 180°, whereas there are no constraints on the
positions of the equatorial fluorines. The I-O bond length indicates substantial double bond
character, and the axial I-F bond length is significantly shorter than the five equatorial I-F bond
lengths. The mean O-1-F¢q bond angle is slightly larger than 90°, due to the doubly bonded
oxygen atomn being more repulsive than the singly bonded axial fluorine ligand. The equatorial IFs
plane is puckered to alleviate its congestion. In contrast to the highly fluxional, free IFy molecule,
in which the equatorial fluorines undergo a very rapid, dynamic, pseudorotational ring puckering
and a slower intramolecular equatorial-axial ligand exchange, the puckering of the IO}i’(,‘ anion in
its N(CH3)4" salt is frozen out due to anion-cation interactions, and the equatorial-axial ligand
exchange is precluded by the more repulsive oxygen ligand which occupies exclusively axial
positions. Therefore, the IOF¢™ anion is ideally suited for studying the nature of the equarorial

puckering in species of five-fold symmetry. The puckering in IOFg™ is of the Cg symmetry-type

* Dedicated 10 Professor Jean'ne Shreeve on the occasion of her sixtieth birthday.
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- , and the deviations from the ideal equatorial plane are relatively small and decrease
with decreasing temperature. Furthermore, the axial 1-O bond length decreases and the mean
O-1-Feq bond angle increases with decreasing temperature. These findings demonstrate that, in
agreement with our results from ab initio calculations and contrary to the VSEPR concept of
repelling points on a sphere, the minimum energy structures of these main group heptacoordinated
fluorides or oxyfluorides are “hose of pentagonal bipyramids with an unpuckered equatorial plane
and not those of either monocapp2d octahedra or monocapped trigonal prisms. Whereas in solid
N(CH3)410F¢" the equatorial ring puckering of I0Fg” is frozen out, in the dissolved free ion this
puckering becomes dynamic, as demonstrated by !F NMR spectroscopy which shows five
equivalent equatorial fluorine ligands. Contrary to IF7 and TeF77, the IOF¢™ anion does not
undergo an intramolecular equatorial-axial ligand exchange on the NMR time scale because of the
more repulsive, doubly bonded oxygen. The vibrational spectra of N(CH3)4*10F¢™ in both the
solid state and CH3CN solution were recorded and assigned with the help of ab initio calculations
on IOF¢™ using effective core potentials and local density functional theory. Normal coordinate
analyses were carried out for the pentagonal bipyramidal series IF7, I0Fg™, XeFs™ which show
that the equatorial, in-plane deformation force constants (fo) are a good measure for the degree of
congestion in the equatorial plane. Puckering increases with decreasing bond lengths, increasing
ligand and decreasing central atom sizes, and increasing temperature. The pentagonal bipyramidal |
structures of these molecules and the coplanarity of their equatorial ligands, which are found for
their minimum energy structures, are explained by a bonding scheme involving delocalized pxy?
hybrid orbitals of the central atom for the formation of a coplanar, semi-ionic,
6-center 10-electron bond system for the five equatorial bonds and of an sp, hybrid orbital for the

formation of two, more covalent, colinear, axial bonds. This bonding scheme can account for all

the observed structural features and also the bond length differences.




INTRODUCTION

In main group element chemistry, coordination numbers in excess of six are relatively rare,
but are of considerable interest due to special features caused by steric crowding of the ligands,
free valence electron pairs being sterically either active or inactive, and the propensity of the
molecules to exhibit fluxionality. Of particular interest are heptacoordinated species which could
exist either as a monocapped octahedron, a monocapped trigonal prism, or a pentagonal
bipyramid.3> According to the VSEPR model of "repelling points on a sphere”,5 the preferred
structures should be the monocapped octahedron or trigonal prism. However, for main group
elements and relatively low repulsive forces, the pentagonal bipyramid is favored® and has been
found for species such as IF77-8 or TeF77.9-11 In pentagonal bipyramidal structures, the
pentagonal equatorial plane is highly congested which results in increased repulsion among the
equatorial ligands and, as a result, in increased bond lengths and usually some kind of
puckering.5-8 In the case of five-fold symmetry, this puckering presents a special problem. The
odd number of ligands does not allow for a highly symmetric arrangement in which all five
equatorial ligands can be placed into equivalent positions, i.e. with identical displacements
aliernately above and below the equatorial plane. One way to achieve equivalency of the equatorial
ligands is a fast, dyna nic, pseudorotational ring puckering, as found for [F7, 7-8 which results in a
highly fluxional molecule. In addition, the pentagonal bipyramidal XF; molecules generally
exhibit a second kind of fluxionality, i.e. a slower, intramolecular, axial-equatorial ligand
| exchange.8 The combination of these two types of fluxionality makes it experimentally very
difficult to characterize and describe the structures of these molecules. Many of the difficulties
with the fluxionality of the XF7 species might be overcome by studying ionic XOFg"~ salts. The
presence of one doubly bonded oxygen which is more repulsive than the fluorine ligands should
preempt a facile axial-equatorial ligand exchange, and the dynamic puckering of the equatorial
plane could be frozen out by anion-cation interactions. Therefore, an effort was undertaken to

prepare and characterize a salt containing an XOF¢™ anion. Examples of pentagonal bipyramidal
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XOFg species had previously been unknown and only recently been reported!"!! in two separate
preliminary notes from our laboratones. In this paper, a full account and analysis of our work on

the IOF¢™ anion is given.

EXPERIMENTAL SECTION

Caution: 10Fs is a strong oxidizer, and its combination with organic materials, such as
CH3CN or N(CH3)4" salts, could be potentially hazardous. Although no difficulties were
encountered in the present study, appropriate safety precautions and shielding should be used,

particularly when working on a larger scale with these materials.

Materials. The CH3CN (Baker, Bio-analyzed, having a water content of 40 ppm) was
treated with P2Os and freshly distilled prior to use, thereby reducing its water content to <4 ppm.

! iterature methods were used for the syntheses of IOFs 12-14 and anhydrous N(CH3)4*F .15

Synthesis of N(CH3)4"IOF¢~. The salt N(CH3),+10F¢~ was prepared by condensing
gaseous IOF5 (6.40 mmol) from the calibrated volume of a nickel and stainless steel vacuum line at
room temperature onto anhydrous N(CH3),*F (0.4473 g., 5.779 mmol) in 8 mL of dry CH3CN
at -196°C. The mixture was warmed to and allowed to react, with frequent agitation, at -35°C for
30 minutes. The solvent and unreacted IOFs were pumped off at -35°C leaving behind
N(CH3)4*10F¢ as a very pale yellow crystailine solid in essentially quantitative yield (1.8298 g.,
5.772 mmol). Anal. Calc. for C4H12F6lO: C, 14.50; H, 3.63; F, 33.00; I, 38.35; N, 4.23.
Found: C, 14.62; H, 3.66; F, 32.4; 1, 38.51; N, 4.33.

Vibrational Spectroscopy. Raman spectra were recorded on either a Cary Mode! 83 or a
Spex Model 1403 spectrophotometer using the 488-nm exciting line of an Ar ica or the 647.1-nm
line of a Kr ion laser, respectively. Baked-out Pyrex r ~'ting point capillaries or thin-walled Kel-F
tubes were used as sample containers. A previously described16 device was used for recording the

low-temperature spectra.




‘ Infrared spectra were recorded by using either AgCl or AgBr disks on a Perkin-Elmer Model
283 spectrophotometer. The finely powdered samples were sandwiched between two thin disks

and pressed together in a Wilks minipress inside the dry box.

Nuclear Magnetic Resonance Spectroscopy. The 1F NMR spectra were recorded at

McMaster University unlocked (field drift < 0.1 Hz h-1) on a Bruker AM-500 spectrometer

equipped with an 11.744 T cryomagnet and an Aspect 3000 computer. The spectra were obtained
using a 5-mm combination 'H/!9F probe operating a1 470.599 MHz. The spectra were recorded in
a 32 K memory. A spectral width setting of 62.500 Hz was employed, yielding a data point
resolution of 3.8 Hz/data point and an acquisition time of 0.262 s. No relaxation delays were
applied. Typically, 40,000 transients were accumulated. The pulse width corresponding to a bulk
magnetization tip angle, 0, of approximately 90° was equal to 1 ps. Line broadening parameters

used 1n the exponential multiplication of the free induction decays were 3 - 4 Hz.

The low temperature study was carried out by the use of a Bruker temperature controller.
The temperature was measured with a copper-constantan thermocouple inserted directly into the

sample region of the probe and was accurate 10 £1°C.

The spectra were referenced to a neat external sample of CFCl3. The chemical shift
convention used is that a positive (negative) sign signifies a chemical shift to high (low) frequency

of the reference compound.!?

Computational Methods. The electronic structure calculations were done at the ab initio
molecular orbital level using either local density function (LDF) theory!#-21 or effective core
potentials (ECP). The LDF calculations were carried out with the program system DMol,22 as
previously described,8 with a double-numerical basis set augmented by d polarization functions.
This can be considered in terms of size as a polarized double-{ basis set. However, because exact
numerical solutions are employed for the atom, this basis set is of significantly higher quality than

a normal molecular orbital polarized double-{ basis set. The fitting functions have an angular
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momentum number one greater than that of the polarization function, resulting in a value of / = 3

for the fitnng functions.

The ECP calculations were done with all electrons on the F and O and with an effective core
potential replacing all of the core electrons on the 1. The valence basis set is of polarized double
zeta quality. The fluorine and oxygen basis set is from Dunning and Hay,23 and the ECP from
Hay and Wadt24 including relativistic corrections. The valence basis set of Hay and Wadi24 was
used augmented by a d function on 1 with an exponent of 0.266.25 The geometries were optimized
by using gradient techniques,26 and the force fields were calculated analytically.27.28 The ab initio
MO calculations were done with the program GRADSCF,29 as implemented on a Cray YMP

computer system.

Crystal Structure Determinations of N(CH3)4*10OF¢s~. Two independent crystal
structure determinations were carried out for this compound at McMaster University and the Freie

Universitiit Berlin, respectively.

At McMaster, only one type of crystal was observed, tetragonal P4/nmm crystals which have
10F¢~ with a positional four-fold disorder for the puckered equatorial plane. The structure of one

of these crystals was determined at -93°C and is given in this paper.

At Berlin, originally a very similar, orthorhombic crystal was studied at -163°C, and the data
were refined either in P4/nmm with four-fold disorder or Pmmn with systematic twinning;
however, no puckering of the equatorial plane was observed.!! In repeat experiments, exclusively
crystals identical to those found at McMaster were obtained. The structure of one of these crystals

was determined at -155°C and is given in this paper.

Single crystals of N(CH3)4*10Fg~ were grown by making a saturated solution of
N(CH3)4*10F¢™ in CH3CN in a Teflon-FEP tube at room temperature and warming it to 45 °C

whereupon it completely dissolved to give a pale yellow solution. The sample tube was then




positioned horizontally above a dewar containing water at 60 °C, covered with aluminum foil and
slowly allowed to cool overnight. This resulted in the growth of transparent crystals which could
be described as tetragonal prisms. At McMaster, the crystals were sealed in Lindemann quartz
capillaries and centered on a Siemens R3m/v diffractometer. Accurate cell dimensions were
determined at T = -93 °C from a least-squares refinement of the setting angles (), ¢ and 28)
obtained from 25 accurately centered reflections (with 34.71° < 20 < 38.05°) chosen from a variety
of points in reciprocal space. Examination of the peak profiles revealed that they were single.30
Integrated diffraction intensities were collected using a 6 - 26 scan technique with scan rates
varving from 1.5 to 14.65°/min (in 26) and a scan range of #0.6°, so that the weaker reflections
were examined slowly to minimize counting errors. Data were collected in four steps since the
crystal was diffracting very strongly. In the first step, the data were collected with-15<h < 15,0
<k<15and 0 <1< 11 and with 3° <28 < 60°, using silver radiation monochromatized with a
graphite crystai (A = 0.56087 A). During data collection, the intensities of three standard
reflections were monitored every 97 reflections to check for crystal stability and alignment. A total
of 1583 reflections were collected out of which 16 were standard reflections. At this stage, the
distribution of the reflections in the reciprocal space indicated that the crystal was diffracting at
relatvely high angles, consequently a second data set was recorded with 45° < 26 < 55°. This time
a total of 1163 reflections were collected out of which 12 were standard reflections. Finally, a
third data set was recorded with 55° < 20 < 60° giving rise to 712 reflections out of which 8 were
standard reflections. These data sets were recorded with the maximum intensity (i.e. 1.5 kW Ag
X-rays), without attenuation, and as a consequence, the strongest reflections at very low angles
were not recorded. In order to record these missing reflections, the power had to be decreased to
750 W. Another set of data was collected with -3 <h<3,0€k<3and0<1<2 A totalof 31
reflections were collected, out of which 6 were standard reflections. No crystal decay was
observed. In total, 3328 reflections were collected and 876 unique reflections remained after
averaging of equivalent reflections. A total of 780 reflections, satisfying the condition I 2 3a(I),

were used for the structure solution. These reflections exhibited systematic absences for hkQ: h +
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k = 2n and h00: h = 2n. Corrections were made for Lorentz and polarization effects. Absorption
corrections were applied by v<ing the program DIFABS.3! The transmission factors ranged from

0.728 o 1.117.

The XPREP program was used to determine the correct cell and space group. 1t confirmed
that the original cell was correct and that the lattice was tetragonal primitive (R, = 0.028). The
structure was shown to be centrosymmetric by an examination of the E-statstics (calc: 0.616;
theor: 0.736). The two space groups which were consistent with the systematic absences (n-glide

and C,) were the centrosymmetric P4/n and P4/nmm space groups.

A first solution was obtained without absorption corrections; it was achieved in the space
group P4/nmm (129) by conventional heavy-atom Patterson methods which located the positions
of the iodine, nitrogen and carbon atoms on special positions (i.e. 4mm, -4m2, .m.). The full
matrix least-squares refinement of their positions and isotropic thermal parameters gave a
conventional agreement index R = (2 IF,) - IFJ / £ IF,) of 0.12. A subsequent difference Fourier
svnthesis revealed the positions of two atoms located on special positions, above and below the
iodine. It was possible to distinguish a fluorine from an oxygen atom from the difference in bond
lengths (i.c., 1.83 A and 1.74 A). The introduction of these positions gave a residual factor R of
0.10. A further difference Fourier synthesis clearly showed the presence of tﬁrsc atoms in the
equatorial environment of the iodine. Two of these atoms were positioned on general positions,
while the third one was positioned on a special position (..m). Consequently, the model implied a
four-fold disorder in the "pseudo” equatorial plane consisting of a superposition of four molecules
with identical 1, axial F and O positions. Consequently, the site occupancy factors of the equatorial
fluorine atoms were set equal to 0.25 and 0.125 (general and special positions, respectively)
instead of 1.00 and 0.5. The introduction of these positions and isotropic thermal parameters for
the equatorial F atoms (all set equal), resulted in a drop of the residual factor R 10 0.057. Another
improvement of the structure was achieved by introducing anisotropic thermal parameters for the I,

N, C, Fax and O atoms (the Fe, were kept isotropic because of the presence of the four-fold
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disorder), and the positions of the hydrogen atoms located from a difference Fourier map (U(H)
fixed to 0.08 A2), as well as a weighting factor (w = 1/02(F) - 0.0003F2), dropping the R-factor
to 0.044 (R, = 0.041).

The structure was solved a second time using data that had been corrected for absorpuion.
The inital model used the atomic coordinates and isotropic thermal parameters defined previously
for all the atoms. The solution obtained (R = (.043) indicated & slight improvement over that
obtained without absorption corrections (R = (0.057). The final refinement was obtained by
introducing anisotropic thermal parameters for the I, F,,, O, N and C atoms and a weighting factor
(w = 1/62(F) + 0.0000F2), and gave rise to a residual R of 0.0375 (R, = 0.035). In the final

difference Fourier map, the maximum and the minimum electron densities were 1.5 and -1.6 A®.

All calculations were performed using the SHELXTL PLUS32 determination package for

structure determination molecular graphics.

At Berlin, the crystal was mounted, with the help of a special apparatus,33 on an Enraf
Nonius CAD 4 diffractometer at -155 °C. Oscillating crystal photographs were used to check the
reflection quality. There were 25 reflections in the ¥ range 12 - 25° that were used to obtain the
orientation matrix and lattice constants. Space group determination: The lattice constants indicated
no deviation from tetragonal symmetry. Reflection intensities obeyed the rules
F(hkl) = F(hkl) = F(kh1) with Rin = 0.0204. Extinction of hkO # 2n left only space group
P4/nmm (no. 129), which enforces the four-fold disorder model. Calculations in orthorhombic
space groups Pmmn (no. 59) or P2; mn (No. 31) generated the same disorder of the equatorial
fluorine atoms. Three reflections were used to check for crystal decay and standaid reflections
orientation. Further details of the measurement routine are given in Tables 1 and S1. Aftes
applying Lorentz and polarization corrections, the data were used for refinement of the previously
published!! model with the program SHELXS 76.3% Atomic form factors were taken from the

Kynoch Tables.35 The atoms 1, O, F(1), N, and C were refined anisotropically, and F(2)-F(4)




isotropically which resulied in R = 0.045. Absorpuon correction was 1ntroduced at this stage.
Optical measurements were not possible because of the embedding of the colorless crystal in
paraffin oil. The psi scan method gave no better results. Finally the method DIFABS3! was used.
Maximal and minimal corrections of 1.28 and 0.85 were applied. At this stage, hvdrogen aioms
were found in difference Fourier maps and refined with fixed 1sotropic U. This model refined to R
= 0.0291 and Ry = 0.0255 (see Table 1). The four-fold disordered atoms F(2)-F(4) were then
weated anisotropically. This resulted in R = 0.020, and Ry = 0.0171. The F(2), F(3), and F(4)
atoms became quite disk-like, with a considerable bond shrinkage effect. Since it is unclear
whether or not it is advisable to refine these four-fold disordered atoms anisotropically because of
overlap of these atoms with each other, the calculatnon with isotropic F(2), F(3), F(4) atoms 1s

regarded as the best solution.

Summaries of the data collection parameters and other cryvstallographic information for both
data sets are given in Table 1. The final atomic coordinates, the thermal parameters, interatomic
distances, bond angles and deviations from the average O-1-Feq angles are listed in Tables 2-4.
Summaries of the structure determinations and the observed and calculated structure factors are

given in Tables S1-S3 (supplementary material).

RESULTS AND DISCUSSION

Synthesis and Properties of N(CH3)4"IOF¢~. In a previous study,36 it was shown
that, at room temperature, CsF does not react with a large excess of 10Fs, while at higher
temperatures it tends to undergo deoxygenation. In the same paper it was speculated that the
failure to observe fluorine-oxygen exchange in the IF7-CsNQj3 system might be due to the lack of
formation of an intermediate IOFg ™~ salt. The present study clearly demonstrates that under suitable
reaction conditions, i.e. using a soluble anhydrous fluoride of a large cation in a compatible

solvent, IOFg™ salts are readily formed according to:

-10-




CHzCN
N(CH3)4"F + 10F5 ——— N(CH3);"I0F," (1

The resulting N(CH3)4"10F¢™ is a very pale yellow solid which is thermally stable up to about
137 °C where 1t stants to decompose to 10F4~, CF4 and COF» as the major products. It was
characterized by elemental analysis, a crystal structure determination, and vibrational and 19F NMR

spectroscopy (see below).

X-Ray Crystal Structure of N(CH3)4 10Fs. The crystal structure of
N(CH3)4"IOF¢™ at -93 °C was determined at McMaster University and confirmed at the Freie
Universitdt Berlin for a crystal kept at -155 °C. Although the gross features of both structures are
very similar, they exhibit an extremely interesting temperature dependence of the degree of

puckering and, therefore. both data sets are given in full dezail.

The crystal structure of N(CH3)4710F¢~ consists of well separated N(CH3)4* and 10Fg”
ions. The packing of the ions (see Figure 1) can be described as a cubic close packing of
alternating layers of IOF¢~ anions and N(CH3)4™ cations in which the alternating orientation of the
tetrahedral cations results in a cuboctahedral37 unit cell with Z = 2. While the cation is perfectly
ordered with the expected bond lengths, the IOFg™ anion is subject 1o a positional four-fold
disorder in the equatorial plane. The model results from the superposition of four anions in which
the central I atom and the axial O and F(1) atoms occupy identical positions. One of these anions is
shown in Figure 2. There are no significant contacts to iodine other than the directly bonded
oxygen and six fluorine ligands, and the anion exhibits a gross pentagonal bipyramidal geomerry.
The O-1-F3x angle is constrained by symmetry to be 180°, while there are no constraints on the
positions of the equatorial fluorines. The equatorial fluorines are bent away from the axial oxygen
ligand, as expected for a doubly bonded oxygen being more repulsive than a singly bonded

fluorine ligand.5
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The 1-O bond length (1.75-1.77A) indicates significant double bond character for the I-O
bond.3843 Its temperature dependence will be discussed below. The greater I-O bond length in
I0Fs~, when compared with that in IOFs (1.715(4)A),38 is conststent with the placement of some
of the negative charge on oxygen, thereby increasing the polarity and decreasing the bond order of
the 1-O bond. The axial I-F bond (1.823(3)A) is, within experimental error (+30), significantly
shorter than all of the equatonal 1-F bonds (average 1.88A). and both types of I-F bonds in 10F¢~
are significantly longer than the corresponding bonds in IFy (1.786(7)A and 1.8° A,
respectively)’. These differences can be attributed again to the formal negative charge on 10F¢",
which leads to greater 8I+—§: bond polarities and consequently longer bonds. The greater length of
the equatorial bonds in 10Fg™ and IF7 relative to their axial ones 1s due to the increased mutual

repulsion of the fluorine ligands in the highly congested equatonal plane and their higher ionicity

(see below).

Nature and Temperature Dependence of the Equatorial Puckering in 10F¢~.
As mentioned above, the equatonial fluorine atoms in IOFg~ are bent away from the doubly bonded
oxygen atom by about 5°. Furthermore, the plane of the equatorial fluorine atoms is puckered and
its 1-F bonds are elongated in order to lessen the high degree of ligand-ligand repulsion
encountered for these fluorines. Contrary to the rapid dvnamic puckering in free, pentagonal-
bipyramidal molecules, such as IF7,8 the puckering in solid N(CH3)4*10Fg~ is frozen out by
hydrogen--fluorine bridging between the two F(2) atoms of 10Fg™ and hydrogen atoms from two
different cations. This bridging results in two close F---C contacts of 3.175(9)A and 3.271(9)A.
while the remaining closest F--C contacts occur at 3.317(9), 3.473(9) and 3.416(9)A and are very
close to the accepted sum of the van der Waals radii of CH3 (2.00A)% and F(1.35-1.40A)44.45
which is 3.35-3.40A.

A pentagonal plane can be puckered in two ways resulting in structures of either Cg or C2

symmetry, respectively.
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Cs C2

As mentioned above, the doubly bonded, axial oxygen ligand in IOF¢™ is more repulsive than the

singly bonded, axial fluorine ligand. Therefore, the average equatorial plane, which can be defined

as a plane perpendicular to the O-I-F,x axis containing all five equatorial fluorine ligands at the
averaged Feq-1-O bond angle, drops below the center of the iodine atom. As can be seen from
Table 4 and Figure 2, the puckered plane of 10F¢~ definitelv exhibits Cs symmetry. Furthermore,
the relative displacements of the equatorial fluorine ligands from the average equatonal plane
decrease with decreasing temperature, i.e. the degree of puckering decreases with decrcasing

temperature.

This decrease in the degree of puckering at lower temperatures causes additional important
structural changes. Thus, the I-O bond length is significantly shortened and the angie between the

oxygen ligand and the average equatorial plane is increased.
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These temperature effects can be explained by a decreasing population of the higher vibrational
states of the ring puckering motion which, due to its low frequency of about 141 cm-!, is. even at
low-temperatures, still highly populated. The resulting decrease in the thermal motion of the
equatorial fluorines diminishes their mutual repulsion and allows the equatorial fluorines to become
more coplanar and less repulsive which, in tum, results in a shortening of the 1-O bond length. It
would therefore, be of great interest to determine the crystal structure of N(CH3)4 10F¢” at a very
low temperature at which the puckering motion is completely frozen out and 1o compare the
resulting structure with those of the present study. Such a study could establish beyond a doubt
that in their minimum energy structures these normally puckered, pentagonal bipvramidal

molecules indeed possess unpuckered equatonal planes.

I9F NMR Spectrum of the IOFg~ Anion. The '9F NMR spectrum (obtained at
McMaster University) of N(CH3)4*1OFg~ was recorded at -40 °C in CH3CN solution and is in
agreement with a pentagonal bipyramidal structure for the IOF¢™ anion. This structure is expected
to have an average Cs, point group symmetry with the oxygen in the axial position. Accordingly,
the 19F NMR spectrum (Figure 3) displays a broad doublet (Avi; = 170 Hz) at 166.0 ppm,
assigned to the equatorial fluorines, and a broad binomial sextet (Av) = 360 Hz) at 111.1 ppm,
assigned to the axial fluorine trans to oxygen. The weak triplet observed at 114.5 ppm
[2J (Feq-Fax) = 200 Hz] is atrributed to the F-trans-to-O environment of cis-102F4~ 46 which
probably arose from adventitious hydrolysis of IOF¢™ in its synthesis or during the NMR sample
preparation. The observation of separate 19F resonances for the axial and equatorial ligand
environments of IOFg™ is unusual for a pentagonal bipyramidal species and demonstrates that the
10F¢~ anion does not undergo intramolecular ligand exchange (i.e., pseudorotation) in solution, in
contrast with the related TeF;~ anion10.11 and IF, molecule.47 This is not surprising because any
plausible intermediate in the pseudorotation process for IOF¢~ would require the Guubly bonded
oxygen ligand to move into an equatorial position. The greater space requirement of the oxygen

double bond domain, compared with that of a fluorine single bond domain, would render the
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placement of the oxygen ligand in the more stencally crowded equatorial posiuon energeucally
unfavorable, thereby creating a high activation barrier for the process. +.though the X-ray crystal
structure reveals that, in the solid state, the equatonal fluorine ligands of the IOF¢™ anmion are
unevenly puckered, only a single resonance is observed for these ligands in the !F NMR
spectrum of the solution. Clearly, the puckering, which is frozen out in the solid siate, becomes a

dynamic process in solution which :s fast on the NMR ome scale.

It is of interest to compare the !9F chemical shifts of IOFg~ with those of other related
10dine(V1I) oxofluoro-species. The 19F chemical shifts of the F-trans-to-F environments in trans-
10,F,7, cis-109F4~ 46 and 10Fs 47 occur in a specific region at 65.1, 66.0 and 68 ppm,
respectively. Similarly, the !9F chemical shifts of the F-trans-10-O environments in cis-10,F4~ and
IOFs also occur in a distinct region at 112.846 and 107 ppm,*8 respectively. In the IOF¢™ anion it
can be seen that the F-trans-10-O environment (111.1 ppm) also resonates in this region but that the
resonance of the five equatorial fluorines (166.0 ppm) is strongly deshielded (i.e., by ca. 100
ppm) from the F-zrans-10-F environments of 10F; and cis-/trans-10,F4~. This phenomenon has
also been noted for the XeFs™ anion in which the fluorines in the pentagonal plane resonate
56.8 ppm to high frequency of the fluorine ligands in square planar XeF4.49 In the cases of the
pentagonal bipyramidal TeF;™ anion and IF, molecule, even at low temperaturel0.1147 only
average 19F chemical shifts can be obtained owing to their fluxional behavior. Nevertheless, the
fact that these average chemical shifts occur at significantly higher frequency than those of the
related octahedral TeFg 50 and IF¢* 51 species indicates that the five equatorial fluorines have a
higher frequency !9F chemical shift than the two axial fluorine ligands, since the former will

contribute the largest weighting to the average chemical shift.

The large chemical shift differences between fluorine ligands in a square plane and those 1n a
pentagonal plane in the aforementioned species are indicative of the dominance of the paramagnetc

contribution to the !9F shielding constant. In the theory developed by Pople and Karplus,32 the
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paramagnetic contribution to the shielding constant of an atom A bonded to another atom B is given

by equation (2)

A _ -e2hlar3>op )
Up = TOm2c2AE [QAA+B§AQAB:| (2)

where <r'3>2p is the mean inverse cube of the 2p-orbirtal radial function on atom A; Qa4 is the

charge density term for atom A; Q4p is the bond order term for the A-B bond and AE is the mean

excitation energy.

Compared with the bonds in the corresponding octahedral or pseudc-octahedral precursors,
MOyF,", those in the MO,,F,M“'l species, which contain a pentagonal plane of M-F bonds (where
M = Xe, 1, Te), exhibit greater ionic character, as indicated by their longer bond lengths and lower
vibrational streiching frequencies. This greater ionic character would be expected to bring about a
decrease in the <r‘3>2p and charge density-bond order terms of Equation (2). This would result in
a decrease in G, and a more shielded chemical shift and does not account for the experimentally
observed trend. Consequently, it would appear that the origin of the observed deshielding most
likely lies in the AE term. Unfortunately, the nature of the excited states is unknown at present,
however it is interesting to note that comparison of the HOMO energies in XeF, and XeFs™ 49 as
well as IOF5 and 10F¢™ reveals that the anions have significantly lower values than the neutral
molecules and may facilitate excitation to a higher excited state, i.e., AE is smaller for XeF5™ and

10F¢" than for XeF, and 10Fs.

The two-bond fluorine-fluorine scalar coupling 2J(19F,,-19F.) in 10F¢™ has a value of
205 Hz and is almost identical in magnitude to that measured previously for cis-10.F4™ in CH3CN
[2J(19F 34-19F¢q) = 204 Hz].46 The couplings in both anions are smaller than the corresponding
coupling in the related IOFs molecule [2J(19Fa4-19F¢q) = 271 - 280 Hz],33 which may reflect the
anticipated greater ionic character in the bonds of the anionic species.> In the 19F NMR spectrum

of I0Fg", both the doublet and sextet are significantly broadened owing to partially collapsed scalar
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coupling 1o the quadrupolar 1271 (1 = 5/2) nucleus. The '9F NMR spectra of cis-107F5~ 26 and
I0Fs 472 also show broadening attributed to the same cause. Interestingly, the line width of the
sextet of IOFg™ ic substantially broader than that of the doublet, indicating that 1J(19F ,-1271) is

larger than 1J( 19Feq-1271) and therefore less quadrupole collapsed. If it is assumed that the Fermi-

contact mechanism provides the dominant coupling contribution, then this observation is consistent
with the relatively more covalent (i.e., greater s-character) bond between iodine and the axial
fluorine as compared with those between iodine and the equatorial fluorines.>® The X-ray
crystallographic data and vibrational spectra for N(CH3)4*IOF¢™ support this idea in that the I-F,,
bond distance is shorter than the average 1-F¢, bond distance and the I-F,, force constant is larger

than the I-Feq one (see below).

Vibrational Spectra. The infrared and Raman spectra of solid N(CH4);*10Fg™ and the
Raman spectra of its CH3CN solution were recorded and are shown in Figure 4. The observed
frequencies, together with their assignments, are summarized in Table 5. A comparison of the
observed and calculated (see below) frequencies of I0Fg™ with those of the closely related
pentagonal IF7 molecule8 and XeFs™ anion,49 together with their approximate mode descriptions,
are given in Table 6. After subtraction of the well known!5.35 bands of the N(CH3),* cation (see
Table 5), the remaining bands, which are due 10 I0Fg, can be readily assigned based on the data
given in Table 6. Since the vibrational spectra of IOF¢~ in solid N(CHj3),*10F¢" do not appear to
be noticeably affected by the slight equatoria: puckering, they were assigned (see Table 6) in point

group Cs, which is the lowest energy structure of the free anion (see below).

Ab-initio Calculations and Normal Coordinate Analyses. The electronic structure
of I0F¢™ was calculated at the ab initio level by using both local density functional (LDF) theory
and molecular orbitél theory with an effective core potential (ECP) for the core electrons of iodine.
Both types of caiculations resulted in minimum energy structures of Cs, symmetry with the ECP
calculations duplicating the experimentally observed geometry (see Table 7) and vibrational

frequencies (see Table 6) much better than the LDF calculations. In view of the superiority of the
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ECP calculations, we have also recalculated the structure of the closely related XeFs™ anton, for
which previously?9 only LDF values had been available. As can be seen from Tables 6 and 7. the
ECP calculations are in excellent agreement with the observed values, after scaling of the calculated
frequencies by empirical factors to maximize their fit with the experimental data, and therefore, are
invaluable for the correct assignments of the vibrational spectra. For XeFs™, for example, they
clearly indicate that the previous assignments?? for va(A2") = 274 cm! and v4(E}") = 290 cm-!
should be reversed. In view of the closeness of these two frequencies, the reversal of their

assignments has very little or no impact on the conclusions previously reached?” for XeFs™.

The eleven fundamental vibrations of a pentagonal bipyramidal AX5YZ species in point
group Csy can be classified as ' = 4A1(IR.Ra) + 4E {IR,Ra) + 3Ea2(Ra). The internal
coordinates, symmetry coordinates and approximate mode descriptions for IOFg™ are summarized
in Figure 5 and Table 8, respectively. The tentative assignments given in our preliminary
communication!0 for IOFg™ and IF7 have been significantly improved resulting in revised

assignments for vg, v7, vg, and vg of IOF¢™ and for vg and v)g of IF5.

By the use of the scaled ECP frequencies, force fields were calculated for IOFg™ (see
Table 9) and XeFs~ (see Table 10). The potential energy distribution (PED) for I0F¢™ is given in
Table 11. As can be seen from Table 11, the IFs5 in-plane deformation motions, due to their high
frequencies, mix considerably with some of the other symmetry coordinates, and the v7(E;) and

vg(E1) modes are antisymmetric and symmetric combinations, respectively, of S7 and Sg.

Consequently, v7 and vg are better described as an O-I-F,4 rocking motion, E , and an O-]-

Fax scissoring motion, , respecuvely, than as separated 1=0 and I-Fax wagging motions.
The only deficiency of the ECP calculation for IOF¢~ was the low frequency value and resulting
force constant for the scaled I-O stretching mode, vi(A1). Consequently, we prefer to use for this

mode the unscaled value of 860 cm-! which is in much better agreement with the observed value of

-18-




873 cm'!. The low value calculated for this stretching frequency is surprising as the calculated 1-O
bond length is shorter than the experimental value. Due to the larger number of svmmerry species
for XeFs™, its PED (see Table 10) is highly charactenstic and requires no further comment. It
should be noted, however, that the symmerry coordinates and intemnal force constants, previously

3
published®® for XeFs™, contained two typographical errors. Ssp, should read -\ / 5 [sin2a (Ar2 -

Ars) - sina (Ar3 - Arg)], and subscripts had been omitted from the last two internal force constants

in Table VIII which should read fyy - fyy and fy - fyy, respectively.

The 1nternal force constants of greatest interest are those involving the stretching of the axial
and the equatorial fluorine bonds and the equatorial in-plane deformation constants. These data are
summarnized for the IF7, 10Fg™, XeFs™ series in Table 12. As can be seen from this Table, the
X-Fax bond-s are considerably stronger than the X-Feq ones for a given compound, as expected
from the bonding scheme proposed below. Furthermore, the stretching force constants decrease
significantly on going from IF7 to IOF¢™ and XeFs™, as expected from an increasing ionicity of the
X-F bonds caused by the formal negative charge in the anions and the reduction in the formal
oxidation state of the central atom from +VII in [F7 and IOF¢™ to +1V in XeFs™. The large increase
in the value of frr', the coupling to opposite bonds, from I0Fg™ to XeFs™ is analogous to those
previously observed4’ for going from either trans-102F4~ (frr' = 0.27 mdyn/A) to
I0F4~ (frr' = 0.45 mdyn/A) and IF4~ (frr' = 0.47 mdyn/A) or I0Fs (frr' = 0.18 mdyn/A) 10
IFs (frr' = 0.38 mdyn/A) and, hence, appears to be associated with the introduction of a sterically

active, free valence electron pair into the ligand sphere around the central atom.

The in-plane deformation constants, fq, are a measure for the strength of the mutual
repulsion of the equatorial ligands and hence, for the degree of congestion in this plane which, in
turn, is responsible for the puckering. As can be seen from Table 12, the value of fo decreases
markedly on going from IF7 to IOF¢™ and XeFs™. In IF7, the in-plane deformation constant, fq.

is about five times larger than the out-of-plane deformation constant, fg, and accounts for the
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puckering of the equatorial plane in IF7. On the other hand, in XeFs™ the fo value has become
much smaller and approaches the range of values expected for the out-of-plane deformation
constants, fg. This is in good agreement with the x-ray crystal structure of N(CH3),*XeFs™
which showed49 that XeFs™ is planar and not puckered. Hence, it appears that the value of the in-
plane deformation force constant, fq, is a useful parameter for measuring the degree of congestion

and the likely occurrence of puckerning in the equatonial ligand plane.

It must be pointed out that the problem of calculating the internal deformation constants from
the corresponding symmetry force constants is underdetermined (more unknowns than available
equations) and, hence, requires additional assumptions. For the calculation of fg in our
compounds, the pure vibrational force field36 condition of Kuczera, adapted to five-fold
symmetry, fo + 2faa ¥ 2faa’ = 0, was used. Since for fg, the case is even more complex, no
explicit values were calculated for fg of IOF¢™ and XeFs~, however we estimate fp of 10F¢™ to be

slightly larger than and that of XeFs™ to be similar to that of IF7.

Structure and Bonding in I0OF¢~ and Related Molecules and Ions. The
pentagonal bipyramidal structure and the co-planarity of the equatorial ligands in the minimum
energy configuration of IOFg~, which cannot be accounted for by either "repelling points on a
sphere” VSEPR arguments’ or classical, directionally localized molecular orbitals, can be
rationalized in terms of a bonding scheme, first noticed49 for XeFs™ and elaborated on in more
detail8 for IF7. In this scheme, the structure and bonding of XeFs~ are explained by a simple
model derived from XeF4. The bonding in the square-planar XeF4 can be described by two semi-
ionic, 3-center 4-electron (3c-4e) bonds>7 for the four Xe-F bonds and two lone valence electron
pairs on Xe (s2pz2 hybrids). The 3c-4¢ bonds involve the p,2 and py2 orbitals of xenon. Addition
of an F~ ion to the equatorial plane in XeF4 results in pentagonal-planar XeFs™ and the formation
of a semi-ionic, 6-center 10-electron (6¢-10e) bond involving the delocalized p,‘zpy2 hybrid orbitals
of Xe and 6 electrons on the 5 F ligands.49 The two lone valence electron pairs on Xe in XeFs™

are analogous to those in XeF4.
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Now let us consider the bonding in IFy and 10F¢™. Their plauar IFs fragments have
essentially the same bonding as XeFs™, as shown by the atomic population calculations given in
Table 13. As expected for the replacement of two free valence electron pairs on the central atom by
two bonded ligands, each of which contributes one electron to its bond, the population of the s>
and p,2 orbitals of I in IF7 and IOF¢™ has decreased by about two electrons, compared to XeF4 and
XeFs™. The higher oxidation state of the central atoms in IF; and IOF¢™ (+VII) results in [ having
a higher positive charge than Xe (+IV) in XeFs™. This causes the effective electronegativity
differences between the central atoms and the ligands in IF7 and 10Fg™ to be smaller than those in
XeF4 and XeFs™ and results in an increased covalency and a shortening of the central atom-
fluorine bonds. Furthermore, the axial fluorine ligands in IF7 and I0F¢™ carry less of a negative
charge than the equatorial ones which accounts for the axial I-F bonds to be more covalent and,
hence, shorter than the equatorial ones. The total charge distributions in IF7 and IOF¢™ (see Table
13) also demonstrate the effect of replacing an F ligand in IF7 by an O™ ligand. The oxygen
substitution results in the release of electron density into the IF¢ part of the molecule which
increases the negative charges on the six fluorines and weakens the I-F bonds in 10F¢™ relative to

those in IF7.

Of course, the above mpdcl does not account for the fact that the electrons will ry to
minimize their mutual repulsions and occupy all of the available orbitals to do so. This results in
the participation of some d functions. Although we are not proposing a d hybridization model, the
population in the d orbitals does suggest a redistribution into these orbitals beyond that expected if

the d orbitals were to act solely as polanization functions.

The above atomic population and total charge distribution analysis qualitatively confirms our
simple bonding model for pentagonal-bipyramidal molecules. This model involves the use of
delocalized px? and py2 hybrid orbitals of the central atom for the formation of a semi-ionic, 6¢-10e
bond with the five equatorial ligands and of an sp, hybrid orbital for the formation of two, more

covalent, axial bonds. This bonding scheme can account for all the observed structural features
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and also the observed bond length differences. The planarity of the p,~ and py= hybrid orbitals of .
the central atom also provides the explanation why these heptacoordinated main group fluorides
and oxyfluorides prefer pentagonal-bipyramidal structures and not the monocapped octahedral cr

rigonal prismatic ones expected from VSEPR arguments.

As far as the puckering of the equatonal plane in pentagonal bipyramidal molecules is
concerned, the data given above for IFgO™ strongly suggest that the congestion in its equatorial
plane and hence the driving force towards puckering is intermediate between those o nuckered IF7
and planar XeFs~. Therefore, it might be possible that, by a reduction of the thermu. motion of the
ligands, the mutual repulsion among the equatorial ligands will be sufficiently dimunished to allow
for the observation of a temperature dependent transition from a puckered to a planar configurarion.
Our two crystal structure determinations of N(CH5)4*10F¢™ at different temperatures clearly
demonstrate such a temperature dependency of the degree of puckering, and the ab-initio

calculations point to a minimum energy structure with co-planar equatorial ligands. ‘

A comparison of the structure of IOFg~ with those’.38.58-61 of other hexa- and hepta-
coordinated iodine fluoride and oxyfluorides is shown in Figure 6 and suggests the following
general effects: (i) If the central iodine atom possesses a free valence electron pair, this pair seeks
high s-character, i.e. sp" hybridization. If-the number of ligands is larger than four, then as many
F ligands form semi-ionic, 3-center 4-electron (3c-4€)37 or similar multi-center bonds as are
required to allow the free electron pairs to form an sp™ hybrid with any remaining ligands. The
resulting semi-ionic, multi-center bonds are considerably longer than the more covalent sp™ hybrid
bonds.62 This effect accounts for the long equatorial I-F bonds in IF4~,58 10F4~,59 and IF5,60
and the short axial I-F bond in IF5.60 (ii) If the central atom does not possess any free valence
electron pair, the ionicity of the bonds and, as a result, their lengths are influenced by the following
secondary effects: (a) An increase in the oxidation state of the central atom generally increases its

effective electronegativity and results in increased covalency and, hence, shorter bonds. It must be
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kept in mind, however, that the addition of two fluorine ligands results in a considerably stronger
electron density withdrawal from the central atom than that caused by the addition of one doubly
bonded oxygen ligand. Thus, for extremely electronegative central atoms, such as chlorine in
CIF2* or CIF4", the addition of an oxygen ligand may even result in the reverse effect, i.e. the
release of electron density to the central aiom.62:63 (b) In the case of coordination number (CN)
seven, steric crowding and, hence, repulsion effects, also become important. The increased
congestion in the equatorial planes of IF7 and 10F¢™, for example. results in increased mutual
repulsion and increased lengths of the equatorial bonds. Thus, the nearest-neighbor Feq...Feq
contacts in the IOFg™ anion at -93 °C are 2.090(16) - 2.362(12)A and are significantly less than
twice the nominal van der Waals radius for fluorine, i.e., 2.70 - 2.80A,4445 while in
hexacoordinated IFs 38 the nearest neighbor Feg...Feq contacts are 2.57 1A and are still at the limit
of the sum of the fluorine van der Waals radii. Similarly,.the increased repulsion from the
sterically active, free valence electron pair on iodine 1n heptacoordinated IFg~ causes an elongation
of the three neighboring I-F bonds.6! (c) A formal negative charge, as found in an anion,
enhances the ?5-8? bond polarity and hence the ionicity of a bond and, thereby, increases the

bond lengths.62

The combination of these effects can explain the features of the compounds shown in
Figure 6. For I0OFg", the relative length of equatorial I-F bonds can be explained by semi-ionic,
mutti-center bonding, which is enhanced by the formal negative charge and the repulsion effects
caused by the steric crowding in the equatorial plane, while the lengthening of the 1-O bond is
attiibutcd mainly to the formal negative charge and the repulsion effects. There is one piece of data
in Figure 6, however, which does not fit the overall picture. This is the axial I-F bond length in
IOFs. The published38 value of 1.863A appears too long and, based on the fact that the axial IF
stretching force constant in IOFs is larger than the equatorial one®4 and by analogy with the
isoelectronic TeOFs™ anion (Te-Fax = 1.854A, Te-Feq = 1.853A),65 the axial bond distance in

10F5 should be similar to or shorter than the equatorial ones. A cursory examination® of the

-23-




experimental data38.64.67-69 avaijable for IOFs revealed that these bond distances are not well
determined and are very sensitive to the choice of the O-I-F¢q bond angle. Thus, a decreasing
angle lengthens the 1-O and shortens the I-F,x bond. Furthermore, a lengthening of the 1-Feq bond
distance results in a shortening of the 1-Fax bond distance. Obviously. additional expennmental data

are required for a more precise structure determunation of 1OFs.

Conclusions. The 10F¢™ anion provides unique information on the nature of
heptacoordinated molecules. The high degree of fluxionality, which is normally encountered for
free heptacoordinated molecules, is absent. Dynamic puckering of the equatonal ligand plane is
frozen out by crystal forces, and axial-equatonial ligand exchange is precluded by the incorporation
of the more repulsive, axial oxygen ligand. It i1s shown that the statically puckered, equatonal
fluorine plane exhibits Cs symmetry in the crystal. Furthermore. it is demonstrated by ab initio
calculations and the crystal structure of XeFs™ that the lowest energy structures of these molecules
are pentagonal bipyramids with co-planar equatorial ligands. This co-planarity is explained by a
bonding scheme involving delocalized, planar py2-p,2 hybrid orbitals of the central atom for the
formation of a semi-ionic, 6-center 10-electron system for the five 1-Feq bonds which also
accounts for their increased lengths. The degree of puckering of the equatorial ligand plane
increases with increasing mutual repulsion of the equatorial ligands and, therefore, is temperature

dependent as demonstrated for IOF¢".
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. Supplementary Material. A structure determination summary (Table S1, 2 pages):

tabulation of calculated and observed structure factor amplitudes (Tables S2 and S3. 16 pages).

Ordering information is given on any current masthead page.
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Table 1. Summary of Crystal Data and Refinement Results for
N(CH;)4 10Fg™ at -93 “and -155 °C

T(C)

space group

a(A)

c (A)

V(A3

molecules/unit cell

molecular weight

crystal dimensions (mm)

calculated density (g cm-3)

color

crystal decay (%)

absorption coefficient (mm-!)
wavelength (A) used for data collection
sin 6/A limit (A1)

total number of reflections measured
number of independent reflections

number of reflections used in
structural analysis, I > 30 (1)

number of variable parameters
final agreement factors, R
Rw

93°C -155°C
P4/nmm (tetragonal)
8.8590(10) 8.8151(10)
6.3690(10) 6.3213(12)
499.85(11) 491.20(10)
2
331.0
04x05x0.2 04x04x04
2.199 2.238

very faintly yellow

no
3.259

0.56086

0.8915
3136
876
780

28
0.0373
0.0361

no
3.326

0.71069

0.9045
3489

887

885

34
0.0291
0.0255




Table 2. Final Atomic Coordinates (x 10%), Equivalent Isotropic Displacement Coefficients

93°C

X y z U(eq) s.o.f.
I 2500 2500 1018(1) 28(1) 0.125
F(1) 2500 2500 -1843(10) 72(2) 0.125
o 2500 2500 3801(12) 74(2) 0.125
F(2) 2927(8) 405(10) 794(12) 59(1) 0.250
F(4) 3967(11) 3967(11) 395(22) 59(1) 0.125
F(3) 4253(11) 1362(10) 1104(12) 59(1) 0.250
N 2500 7500 5000 33(1) 0.125
C 1124(5) 7500 3676(7) 54(1) 0.500
H(1) 286 7500 4729 80 0.500
H(2) 1075 6667 2733 80 1.000

-155°C

I 2500 2500 1029(0) 19(0) 0.125 »
F(1) 2500 2500 -1850(5) 31(2) 0.125 .
o 2500 2500 3786(6) 50(2) 0.125
F(2) 2087(6) 393(6) 723(7) 43(1) 0.250
F(4) 3973(8) 3973(8) 408(15) 49(2) 0.125
F(3) 4321(8) 1400(8) 938(9) 54(1) 0.250
N 2500 7500 5000 24(1) 0.125
C 1116(3) 7500 3633(4) 39(2) 0.500
H(1) 284(35) 7500 4490(38) 40 0.500
H(2) 1096(23) 6559(24) 2699(27) 40 1.000

(AZ x 1038 and Site Occupancy Faciors for N(CH3)3*10F g at -93 °and -155 °C

(a) Equivalent isotropic U defined as one third of the trace of orthogonalized Uj; tensor. One

orientation of the anion IOFg™ is obtained by application of the symmetry y, x, z. The cation is
~obtained by application of 0.5 -x, y, z; -y, -X, -z; -y, 0.5 + x, -z.
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Table 3. Anisotropic Displacement Coefficients (A2 x 107 )4

. for N(CH3)4 10F ¢~ at -93 °and -155 °C
-93°
Un U22 Uiz U2 U3 U23
I 28(1) 28(1) 29(1) 0 0 0
F(1) 94(3) 94(3) 28(2) 0 0 0
0 91(4) 91(4) 40(4) 0 0 0
N 34(1) 34(1) 32(2) 0 0 0
C 44(2) 61(2) 57(3) 0 -14(2) 0
2155°C
I 19.1(1) 19.1(1) 19.4(1) 0 0 0
F(1) 63(2) 63(2) 23(2) 0 0 0
o 64(2) 64(2) 22(2) 0 0 0
N 23(1) 23(1) 26(2) 0 0 0
C 30(1) 44(2) 40(2) 0 -9(1) 0
. F(2)b 177 19 46 7 26 -5
F(3)b 74 146 142 11 93 21
F(4)b 143 143 60 -5 -32 -5

(a) The anisotropic displacement exponent takes the form: -2rn2(h2a*2U;; + ... + 2hka"b*Uy3).
(b) In the final structure, the atoms F(2), F(3), and F(4) were treated isotropically because of the
fourfold disorder.
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Table 4. Bond Lengths, Bond Angles, Average Equatorial Plane Angle and Deviations from the
Average O-1-F ¢q Bond Angle for N(CH3)4*10Fg at-93 Cand -135 °C

Deviatnons (deg) from the

Bond Lengths (A) Mean O-1-F¢4 Bond Angle
-93°C -155°C -93°C -155°C
I-O0 1.772(8) 1.745(4)
I-F(1) 1.822(5) 1.823(3)
1-F(2) 1.899(9) 1.894(5) -0.8(2) -0.4(1)
I-F(3) 1.852(10) 1.868(7) 5.2(2) 3.7(2)
1-F(4) 1.880(14) 1.868(9) -8.7(4) -6.6(3)
N-C 1.483(4) 1.491(3)
Bond Angles (deg)
-93°C -155°C -93°C -155°C
O-1-F(2) 94.3(2) 95.9(1) F(1)-1-F(4) 77.8(4) 77.9(3)
O-I-F(3) 88.3(2) 91.8(2) F(3)-1-F(2e) 68.7(4) 69.9(3)
O-1-F(4) 102.4(4) 102.1(3) |F@4)-1-F(@3) 78.6(3) 76.1(2)
F(1)-I-F(2) 85.7(2) 84.1(1) F(2c)-1-F(2e) 66.8(5) 67.5(3)
F(1)-1-F(3) 91.7(2) 88.2(2) Mean O-1-Feq 93.5(3) 95.5(2)
Mean pucker angle? 4.14(30) 2.96(20)

(a) Mean deviation of the equatorial fluorine ligands from the mean O-I-Feq angle.
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Table 5. Vibrational Spectra of N(CH3); 10Fg™ and Their Assignment

obsd freq, cm-1 (rel intens)

Ra assignments, (point group)
IR solid CH3CN sol N(CH3)4* I0F~
25°C 25°C -150°C 25°C | Tw (Csy)
3045 mw 3043(20) 3045(5)) [ Vs(E)
2996(13) vi4(F2)
2970 w 2965(13) 2970(4) ¢ Vi(A])
29217(6) + combin.
2819(5) J bands
1489 vs vis(F2)
1464(46) 1466(15) va(A1), ve(E)
1418 m 1417(6) 1416(3) vi6(F2)
1285 mw 1288(3) v17(F?)
1173(6) 1174(4) v2(E)
949 vs 948(41) 949(28) vi8(F2)
873 vs 874(53) 873(37) 880(50)p Vi(AD
752(45) 753(15)
740 sh 742 sh } v3AD
649 s 649(88) 658(57) 656(75)p va(Ay)
585 vs vs(Ey)
578(100) 584(100) 58i(100)p vi(Ay)
535 w,sh 530(4) 530(3) vo(E2)
:3(5) : 466(15)} v19(F2)
457(49) 456(23) 457(20)dp vio(E2)
405 vs ve(E1)
373 sh 377(5) vg(E)
359 s 354(4) va(A1)
341(62) 344(52) v1(Ey)
335(5) vi2(F1)
255s 260(2) 260(2) vg(ED)
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Table 8. Symmertry Coordinates and Approximate Mode Descriptions for

the Pentagonal Bipyramidal IOF ¢~ Anion

Al [S1=AS =0 streich
S2=AR I-F,y sretch
1
S3= —‘[—3 (Ar] + Arp + Ar3 + Arg + Ars) IFs sym stretch
. IF5 umbrella
\f__() [ Z (aPi7 - A'y,g)} deformation
Ei |Ss,= % [Ar} + cosa (Arp + Ars) + cos2a (Ar3 + Arg))
IFs asym swretch
Ssp= % [sina (Ar; - Ars) + sin2a (Arj - Arg))
Sea = 2 [A03s + cosa (Aoys + AC23) + cos2a (Aays + Aap2)) .
5 IFs in-plane
3 deformation
Seb="\ 5 [sina (Aous - Arz3) + sin2a (Ao - Awtid)]
S7a= :f—g {AB17 + cosat (AB27 + APs7) + cos2a (AB37 + ABa7))
’ I—Fax 8 wag
I .. .
S = N [sina (AB27 - ABs7) + sin2a (AB37 - AB47))
Sga = \Il——g [AY16 + cosa (AY26 + AYs6) + cos2a (AY36 + AYae))
I=0 & wag
1 . .
Sgp =z [sinat (Av2e - Ayse) + sin20 (AY36 - AYap)]
2
E2 |Sg,= 3 [A034 + cos2a (Aous + Aaz3) + cosa (Aays + Aa2)) IFs in-plane
(scissor)
2 deformation
Sop="\J5 [sin2a (Aays - Aaz3) - sina (Aays - Aaxz)l
=1[Z [Ar] +cos2a (Ar; + Ars) + Ar3 + Ar.
510a 5 [Ary + cos2a (Ara 5) + cosa (Ary ) IF5 asym stretch
Si0b = % [sin2aL (Arg - Ars) - sina (Ar3 - Arg))

Si1a= -\,% [AB17 - Ay16) + cos2a (AB27 - Ay26 + ABs7 - AYse)
+ cosa (AB37 - Ayzg + ABa7 - Ava))

1 ..
Sitp= 7 [sin2a (AB27 - Av26 - ABs7 + AYse)

- sina (AB37 - AY36 - AB47 + Avae))

IFs asym out-of-
plane deformation
(pucker)
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Table 8. Symmetry Coordinates and Approximate Mode Descriptions for
the Pentagonal Bipyramidal IOF g~ Anion (Continued)

Redundant Coordinates

0_

T {Aayy + Ax3 + Aazg + AQqs + Aasy) =

Sg —\/—]_—" l: 2 (ABj7 + A'Y|6)]

1
5(3) = 7_5 [(AB17 + AYie) + cos2a (AB27 + Ay + ABs7 + Ayse)
+ cosat (AP37 + Ay3e + ABs7 + AYae)] =0

0= “\/: [sin2a (AB27 + A6 - ABs7 - AYse)
- sinat (AB37 + AY36 - APa7 - Av46)) =0
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Table 9. Symmetry Force Consiantss of [OF ¢~ Calculated from

Aj
Fii

Fr

-

F33
Faq4

)

Fss
Fe6
F77
Fgg

Fgg
F10,10
Fiin

the Scaled ECP Frequencies of Table 6

Fi

6.077%
(4.967)¢

0.057
-0.041
-0.164
Fss
3.040
-1.079
0.230
0.176
Fgg
2.844
0.407
-0.007

F2»

3.899
0.169
0.332

Fee

3.246
-0.234
-0.271
F10.0

2478
-0.064

Fi3

3.656
0.078

F77

1.087
0.085
Fiin

0.395

Fas

1.725
Fgg

0.891

(a) Stretching constants in mdyn/A, deformation constants in mdyn A/rad2, and stretch-bend

Interaction contants in mdyn/rad. (b) Unscaled value (see text). (c) Scaled value.
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assign-
ment

Ay
A" vp
Ei' v3
V4

Ey' vs
V6

E2ll V7

Table 10. Revised Assignments, ECP Force Field? and
Potential Energy Distribution? for XeFs~

freq cm'}
approx mode symmetry

description caled (ECP) ohede force constants

v sym XeFs 498 502 F11=2.775

6 umbrella 301 290 F;2 =1.191]
v asym XeFs 449 450 F33=1.6714
F34 =-0.193

8 asym in plane 273 274 Fa44 = 1.940

v asym XeFs 420 423 Fs5=1.938
Fs6 = 0.1191

d in-plane 373 377 Fes = 1.7505
d pucker 105 — F77 = 0.2498

PED
100(1)
100(2)

97(3) + 3(4)

99(4) + 1(3)
92(5) + 8(6)

91(6) + 9(5)
100(7)

(a) Force constants calculated with the ECP frequencies; stretching constants in mdyn/A,

deformation constants in mdyn A/rad?, and stretch-bend interaction constants in mdyn/rad. (b)
PED in percent. (c) Data from ref. 49.
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Table 11. Potential Energy Distribution for 10F g

freq cm-! PED (%)
Vi 860 87(1) + 7(2) + 5(4)
\') 625 83(2) + 10(3) + 4(1) + 2(4)
v3 566 88(3) + 12(2)
V4 371 100(4)
\% 583 97(5) + 2(8)
V6 415 44(6) + 26(8) + 25(7) + 5(5)
V7 340 58(8) + 42(7) .
vg 273 43(8) + 40(7) + 16(6)
Vg 530 73(9) + 27(10)
V10 446 72(10) + 28(9)
Vi1 141 100(11)
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‘ Table 12. Internal Force Constants@b (mdvniA) of IF7, 10F ™ and XeFs™

IF7 10Fg¢~ XeFs™
fr 5.005 3.897 —
' fr 3.947 2.938 2.062
fr 0.326 0.306 0.198
frr' 0.0265 0.0536 0.317
fa 0.847 0.650 0.364
faa -0.183 -0.147 -0.081
foao' -0.240 -0.198 -0.102
B 0.163

(a) The deformation constants have been normalized for the following bond
distances: IF7, r I-Feq = 1.857A; 10F¢™, r I-Feq = 1.877A; XeFs",

r Xe-F = 2.0124A. (b) frr and f' denote coupling to adjacent and
opposite bonds, respectively, and fao and faa' coupling to adjacent and
opposite bond angles, respectively.
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Table 13. Atomic Populations (e) in the Valence Electron Orbitals and

Total Charge Distributions for XeFs™, IF7 and IOF g~

Central Atom

$
Px = Py
Pz
dz?
dx? = dy?
dxy
dxz =dy;
d total
Equatorial Fluorines
S
p bond
p in plane
Pz
d

XeFs™

2.22
0.61
2.02
0.03
0.06
0.14
0.04
0.37

1.98
1.70
1.98
1.97
0

Axial Fluorines and Oxygens

$
Pz
Px = Py
d

Total Charges
Central Atom
Feq
Fax
Oax

2.25
-0.63

IF,
1.35
0.64
0.60
0.11
0.12
0.20
0.14
0.83

1.93
1.57
1.96
1.94
0.03

1.92
1.54
1.94
0.04

294

-0.43
-0.39

44

1.92
1.57
1.95
0.03

10F¢™
1.43
0.64
0.71
0.14
0.09
0.16

0.15
0.78

1.94
1.64
1.97
1.95
0.02

2.71

-0.53
-0.44
-0.74

1.86
1.16
1.83
0.04




Ficure Captions

Figure 1. Packing diagram of N(CH3)4"1OF¢™ viewed along the c-axis.

Figure 2. The structure of the I0F¢™ anion showing the puckering pattern of the equatorial fluorine

ligands.

. Figure 3. The I9F NMR spectrum (470.599 MHz) of a saturated solution of N(CH3)4*10F¢™ in
CH3CN at-40 °C. (A) Feq environment of 10F¢g™; (B) Fax environment of 10F¢™; (C) F-trans-10-O

environment of cis-107F4~ impurity.

Figure 4. Vibrational spectra of N(CH3)4¥1OFg~. Trace A, infrared spectrum of the solid as an
AgBr disk; traces B and C, Raman spectra of the solid at 25 and -146 °C; traces D and E, Raman

spectra of the CH3CN solution with parallel and perpendicular polarization, respectively.
Figure 5. Internal Coordinates for IOFg™.

Figure 6. A comparison of the structure of IOFg™ with those of closely related hexa- and hepta-

coordinated iodine fluorides and oxyfluondes.
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PART VII
THE F,TeC=N" ANION AND F,TeC=N




ABSTRACT

The recent synthesis of truly anhydrous N(CH,),F has facilitaied the synthesis of high-coordination, high-
oxidation state main-group anions. Heptacoordinated and octacoordinaied Te(VI) anions have been reported
rccently, including TeF,, TeFg® and TeF,O*. These anions exhibit Dy, D, and C,, symmetry, respectively.

Thc preparation of three different substituted analogs of TeF; was auempted by using the electroncgative
OTcF,, OCF, and CN ligands to replace the fluorine ligands.

The preparation of OTcF; substituted analogs of TeF,, namcly TeF, (OTcFy), (x = 0,2,5), was attempted
by oxidative addition of F or OTcF; ligands to pentacoordinated Te(IV) precurors in SO,CIF solvent. Fluorine-
19 NMR spcctroscopy indicatcd negative results in each auempt.

The preparation of TeF OCF, was atiempied but abandoned duc to insufficient yiclds in the preparation
of the Te(VI) precursor TeF;OCF,;. Two attempts were made at preparing TeF;OCF,, including its preparation
by rcacting TcF, with CF;OF, but both were unsuccessful.

The preparation of the monocyano-substituted analog of TeF;', namely TeFCN' anion, was achieved in
a non-oxidative ligand transfer process. In CH;CN solvent, TeF; reacted with (CH,),SiCN at -45 °C to produce
a 3.5 % yicld of TcF,CN'. The product began to decompose into Te(VI) and Te(IV) specics at -22 °C; the
dccomposition was compicte ét room temperature. In order to attain a higher yicld of TeF,CN", the preparation
of its logical prccursor, namely TeF,CN, was attempted, and preliminary cvidence indicates the experiment was
successful. In CH,CN solvent, TeF, and (CH,),SiCN were combined at -20 °C to produce a ca. 8 % yicld of

TeF,CN. This product was stable al room temperature.
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INTRODUCTION

CONTRASTS BETWEEN THE CHEMISTRY OF Te(VD) FLUORO- AND OXOFLUOROQ- DERIVATIVES
AND THOSE OF S(VI) AND Sc(VI); A BRIEF SURVEY

Tellurium is a fifth row element which exhibits a chemistry that is, in several aspects, distinct from that
of the lighter chalcogens. For the chalcogen group in general, as the atomic radius increases there is an increase
in the metallic character of the element, an increase in the tendency to form anionic compounds such as SeClg?",
TcBrbz', and Pol62', and a decrease in the stability of its compounds in high formal oxidation states.!

The compounds SF¢, SeFg and TeF¢ are octahedrally coordinated, but due to the different sizes of the
central chalcogen atoms, their chemical properties are significantly different. Sulfur hexafluoride, for example,
is incrt 1o attack by bases owing to the lack of available d-orbitals 1o provide an opportunity for expansion of
the valence shell upon coordination of a seventh ligand such as OH or H,0. In contrast to SF¢, both ScF¢ and
TcF arc susceptible to attack by bases, forming heptacoordinated intcrmediate specics. In the case of Te(VI),
hepta- and octlacoordinate specics have been isolated. >

The pentafluorooxochalcogen(VI) acids are virtually spherical with the thermal stabilities of the acids
HOXF; varying considcrably.4 The acid, HOSFs;, is stable to reduction of coordination only up to -60 °C
because of the high bond cnergy of HF and the favourable formation of pentacoordinate SOF,, while HOScF
is stable to reduction of coordination up to 290 °c.* Since Te(VI) is the most stable hexavalent state among the
chalcogens, the acid HOTeF; is, not surprisingly, the most stable of the threc acids. The acids HOScFs z;nd
HOTCcF5 can be converted into salts, with HOTeFs being r.+ore easily converted than HOSeFs due to the lower
oxidizing powcr of Te(VI).

A characteristic property of neutral Te(VI) compounds is their strong preference for octahedral
coordination,” whereas tctra- and hexacoordinate sulfur and sclenium compounds are both pmavalent.6 The
Te(VI) compounds are, in general, thermodynamically stable with high vapour pressures. Interestingly, double
bonds to Te(VI) do not occur, including Te=0, owing to the propensity of Te(VI) to increase its coordination
numbcer and hence become octahedrally coordinated® This tendency is clearly illustrated by the hydrolytic
behaviour of TcF, where pentaccardinate O=TeF, might he expected as a producx,"‘8 or by the HF solvolysis
of Te(OH),. in which almost all of thc pscudo-octahcedral (HO),TeFg , (x = 0 - 5) intermediates have been

detccied #!" The monomer, O=TeF,, has not been observed, but is always found as the oxygen bridged dimer




]
(F4TcO), in which the Te atoms are octahedrally coordinated.!%!3 In contrast, SOF, and SeOF  exist as trigonal .

bipyramidal monomers having O=X bonds, although above -100 °C ScOF, dimerizes 1o form (F4SeO)2.l3 14

TELLURIUM(VD) AT THE LIMITS OF COORDINATION; THE TeF,, TcF,>- AND TeOF,>~ ANIONS

The recent syntheses of novel seven and eight coordir~'¢ Te(V1), I(VI]) and Xe(VI) fluoro- and oxofluoro-
anions have been facilitated by the development of a preparative scale synthesis of truly anhydrous N(CH,),'F
by Christc and coworkers.!® This salt has proven to be an excellent source of naked F ion as well as a very
effective rcagent in preparing high-oxidation state fluoro- and oxofluoro-anions. It not only functions as an
cxccllent fluoride ion source, but the complex anions that arc formed are stabilized by the large oxidatively
resistant N(CHj),* cation. Owing to the relatively high solubilities of N(CH,),* salts in solvents such as CH;CN
and CHF;,,2 NMR and vibrational structural studies can be performed as well as X-ray structural determinations
on singlc crystals. Another important discovery was that CH,CN and CHF;, along with the N(CH,),* cation,
have good kinctic stability toward strong oxidizers such as I(VII) and Xc(IV) compounds.-16

Recently, there have been several studies reporting the formation of high-valent, high coordination number ‘
fluoro- and oxofluoro-anions of the main-group elements. The TeF; anion, which was first isolated as
N(CH,),*TcF5, has a pentagonal bipyramidal Dy, structure, as predicted by the VSEPR model.2 The reaction

proceeds quantitatively in CH;CN at 40 °C

CH,CN

N(CH3),'F + TeFg —— 3=

> N(CHy),"TeF," M

After removal of the solvent in vacuo, the product was isolated as a stable white crystalline solid at room
temperaturc.? The room temperature 123Te NMR spectrum of this salt in CH;CN showed a binomial octet
arising from the onc-bond spin-spin coupling between the central 125T¢ and seven chemically equivalcnt 19F
ligands, and cstablished that all seven fluoride ligands are rendered equivalent on the NMR time scale by means
of a facilc intramolccular exchange process. The I9F NMR spectrum of TeF;  is also consistent with a fluxional
process in which the axial and equatorial fluorine cnvironments are rendered equivalent, and consists of a singlet
with '2°Tc satcllites. The fluxional behavior of the TeF; anion is therefore consistent with that of the
isocicctronic IF5 molecule, which also exhibits a single fluorine resonance in its 1% NMR spectrum.!’? .

The (luxional bchaviour of the isoelectronic IF, and TeF; ™ species, which arc both AX; specics in the




3
VSEPR notation, probably results from the fact that AX, species can adopt one of three geometries: pentagonal

18 The energy differences among thesc threc

bipyramidal, cappcd octahedral, or capped trigonal prismatic.
geometrics are quite small, and it is hypothesized that there could be facile interconversion between these three
geomcetrics on account of these small cnergy separations. The vibrational spectra of TeF;™ have been assigned,
and arc in agrcement with the pentagonal bipyramidal Dg, geometry. Since the vibrational time scalc is
approximatcly 10° times faster than the NMR time scalc, the pentagonal bipyramidal gecometry appears to be the
encrgctically favoured structure.

The octacoordinated TeFg?™ anion, as well as the isostructural IFg" anion, could adopt onc of threc
structures: a cube of symmetry Oy, which is unlikely due to steric interactions; a dodecahedron of symmetry D, ;
or a square antipnsm of symmctry DM.2 Due to the low solubility of this anion in CH,CN solvent, 19 NMR
characienization has not becn possible. Vibrational spectroscopy indicates that both anions possess Dgy
symmctry.

The TcF602‘ anion has a distoried pentagonal bipyramidal structure, possessing Cs, symmetry; the Raman
and infrared spectra of [N(CH3),*],TeFgO% indicate that the oxygen is in an axial position, resulting in two
types of fluorine ligand.16 This anion has not bcen observed in solution by 1%F NMR spectroscopy due to its
low solubility and tendency to dissociate into F and OTeFs". Presumably, the five equatorial fluorine ligands
should not be coplanar with the central tellurium atom, but rather slightly displaced away from the apical oxygen
atom (sce below for a discussion of IOF({).16 ‘

The peometrics of TcFy', TeFg2™ and TeF4O?" are given in Figure 1.

OTHER HYPERVALENT, HIGH-COORDINATION NUMBER FLUORO- AND OXOFLUORO-MAIN
GROUP ANIONS

The CIFg, BrFg. IFg’, XeFs', I0F, XeF;', IFg", and XeF82' anions have all been synthesized recently as
their N(CH,),* salts, using N(CHs),*F as the source of fluoride ion.!16:19-24

Raman spectroscopy has shown both CIFg" and BrFg", which arc AX(E spccies in the VSEPR notation,
10 bc octahedral in structurc exhibiting negligible symmetry distortion,2%% thereby contradicting the VSEPR

model in that the non-bonding clectron pair in each molccule is not sterically active.?> The X-ray crystal
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Figure 1. Geomctrics of TcF;', Terz' and TeF602'.
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structurc of CsBrFg also shows that the anion exists as an almost perfect octahedron. Although BrF¢™ was found
to be octahcdral on the vibrational time scale, it appears to be fluxional on the NMR time scale, displaying only
a singlet in the 19 NMR spectrum of the anion,2'%? which can only be explained if dissociative fluoride ligand
cxchange is taking placc. These studics suggest that chiorine and bromine cannot accommodate morc than six
clectron pairs in their valence shells. Thus, the stereochemical inactivity of the lone pair in both CIF” and BrFg
results from crowding in their respective valence shells.

In contrast, the solution Raman spectrum of IF¢" indicates that this anion is a distorted octahedron having
an clectron pair that is stereochemically active on the vibrational time scale.?? The !F NMR spectrum consists
of a singlct suggesting a fluxional process on the NMR time scalc; the lack of observable I-F spin-spin coupling
indicatcs the lack of a rigid octahedral structure or dissociative fluoride exchangc.22 The crystal structure of the
NO* salt consists of a fluoride-bridged tetramer, while the low-temperature crystal structure of the N(CH,)," salt
was obtaincd from a iwinned crystal.>> The structure of IF," in N(CH,),*IF, differs from those cf CIF, in
N(CH,),*CIF, and BrF in N(CH,),"BrFg by having a sterically active free valence electron pair which
produccs a distorted octahedral geometry around 1 of ncar Csy, symmetry.

The XeFs™ and 10F anions ﬁavc been shown by X-ray crystallography, vibrational spectroscopy and NMR
spectroscopy to have pentagonal planar and pentagonal bipyramidal geometries, re,spc:ctively,z'16 with XeFs
providing the first cxample of an AXE, geometry. The 12Xe NMR spectrum of XeFs™ consists of a binomial
sextet, while the 'F NMR spectrum consists of a singlet, indicating five equivalent fluorine ligands.'® The
crystal structure of N(CH,),*XeFs™ shows that the anion has Dg, symmetry. Interestingly, there appears to be
no puckering of the five equatorial fluorine ligands, although puckering is observed in the seven coordinatc IF,
molccule, which also posscsses five equatorial fluorine ligands.>!7 The lack of fluxional behaviour in XcFg
can bc auributed to the presence of two axial electron lone pairs, which exert a larger repulsive force as
compared with axial fluorinc ligands. The steric crowding of the planar fluorine ligands is also alleviated by
thc morc polar, and therefore clongated, Xe-F bond length (2.012 A), as compared with the Xe-F bond length
in XeF, (1.953 A).2® This is attributable to the formal negative charge in the XeFs anion.’® The IOF," anion
is isostructural and isoelectronic with the TeF,0%" anion, and therefore possesses Cs, symmetry. The '°F NMR
spectrum of JOF™ consists of a binomial doublet and a sextet, indicating an oxygen in the axial posilion.z'3

Thus, unlike TcF;™ and IF,, IOF" does not undergo intramolecular ligand exchange on the NMR time scale.
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The X-ray crystal structure of the N(CH,),* salt shows that the five equatorial fluorine atoms are not coplanar ‘
with the central 1odinc atom, rather they are slightly displaced away from the oxygen atom and towards the axial
fluorinc ligand.3 Initially it was thought that the equatorial fluorinc ligands were not puckered, but recent work
has shown that the cquatorial ligands arc indeced puckered; the most recent X-ray data suggests that there are,
in fact, three different Feq-l-O bond angles, not one as previously mought.27

Unlike CIFg" and BrFg, the XeF,; anion has a non-bonding electron pair that appears to be
stereochemically active in the valence shell.!® Raman spectroscopy indicates that this anion has a structure based
on a squarc antiprismatic geometry (C,, symmetry) with the lonc pair replacing the eighth ligand.19 The 1#%Xe
NMR spcctrum shows Xc coupled to seven equivalent fluorine ligands. Thus, like IF, and TeF,", this anion is
also fluxional on thc NMR time scale.?’

The crystal struciure of (NO*)2XeF82' shows that the Xngz' anion possesses an almost perfect square
antiprismalic gcometry, having Dyy symmcatry.28 The anion exhibits a stereochemically inactive valence lone

19 This inactivity is due to steric limitations in the eight-

pair, which is supported by Raman spectroscopy.

coordinate valcnce shell, analogous to the situation in the BrFg™ anion. .
‘ The IFg  anion, as previously mentioned, exhibits D,y symmetry according to Raman and infrared

spectroscopy. The crystal structure of the [NO(NOF,)]" salt shows thal the anion has square antiprismatic

geomclry, which is consistent with the vibrational data.?3

THE CHEMISTRY OF THE OTeFs LIGAND

The most ubiquitous Te(VI) ligand' is the univalent OTeFs group, systematically -calied
pentafluorooxotcllurate(VI). The ligand is large, oxidatively resistant, and very weakly basic.® Main-group
clements from cvery period are known to form derivatives containing the OTeFs ligand.6 In particular, the
uscfulness of this ligand stems from its ability to stabilize high-oxidation statc compounds, which is unsurpassed
by any other polyatomic ligand.6 The effective group clectroncgativity of OTeF5 on the Pauling scale is 3.88,
and is therefore just slightly smaller than that of fluorine itself, which has an electronegativity of 4.002° The
high cffcctive clcctronegativity of the OTeF5 group results from the inductive effect of five electroncgative

fluorincs withdrawing clectron density from the central tellurium atom, which in tum withdraws electron density .

from thc oxygen by mcans of backbonding to tellurium. The formation of xenon derivatives is testimony to the
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high cffcclive electronegativity of the OTeFs group, and is evidenced by the resistance of OTeFs to oxidative
anack by xcnon in the neutral compounds Xe(OTeFs),, Xe(OTeFs), and 0=Xe(0'1"eF5)4.w32 The OTeF group
forms thc only known analogs of XeF,, XeOF,, KrF, and the most stable analog of Xch.“

The precursor Lo the OTeF ligand is pentafluoroorthotelluric acid, HOTeFs, which is a moderatcly strong

monoprotic acid (pK, = 9.2)*3. The acid strength of HOTeF; in glacial acetic acid is between HCI and HNO,,

and is indicative of the strong inductive effect of the five fluorine ligands attached 1o the tellurium atom.>* It
is preparcd under anhydrous conditions according 10 equation @F
Te(OH), + 5FSO3H ~——————+ 5H,S0, + HOTEeF; 3]

As has alrcady been noted, the structure of this acid is pscudo-octahcdral.6 The acid has a high melting point
and a significant vapour pressurc at room temperature, which is consistent with its ncar spherical shape. Above
310 °C, HOTcF decomposes to HF and a numbcer of Te(IV) and Te(VI) specics, including (TcOF ), TcF, and
Tel-],.]3 The '°F NMR spectrum of HOTeF; consists of an AB, spin system, indicating that the Tc-O bond
rotates frecly on the NMR time scale. Thus, there is no evidence for H-F intramolecular bridging arising from
the shont cquatorial fluorinc-hydrogen distance (238 pm) on the NMR time scale$

The distinguishing featurc between F and OTeFs ligand chemistry is that OTceFg ligands rarely form
bridges, whilc F ligands often do; this characteristic is due to the large ligand size and to the intcmnal bonding
of the OTcFg ligand, which renders it weakly coordinming.6 Thes: characteristics are evidenced by the fact that
thc majority of the covalent Te(VI) and OTeFs derivatives are molccular and have high vapour pressures which
allow them to be rcadily sublimed.

There arc a varicty of methods which can be used to prepare OTeF derivatives. The precursor for the
synthesis of all OTcFj derivatives is HOTeFs. A common route to the preparation of OTeFs derivatves involves

displaccment of a hydrogen halide3%-3°

3HOTeFs + BCl; ————» 3HCl + B(OTeFy), 3)

2HOTeFs + XeF, —————» Xe(OTeFg), + 2HF 4)

The products of the above reactions arc themsclves uscful as OTeFs ligand transfer rcagents and also provide
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two important pathways for introducing an OTeF; ligand into a compound. Pentafluorooxotellurate(VI) can be ‘

introduced non-oxidauvely by rcaction of an element fluoride with B(OTeFs),, the most widely used and

“convenient OTeF; transfer reagent; for example3140

ASF3 + B(OTCF5)3 EEe——— BF3 + AS(OTCF5)3 (5)

3XcF, + 4B(OTeFg); ———* 4BF; + 3Xe(OTcFg), (6)

The use of B(OTeF;), as a transfer reagent is panicularly effective in that volatile BF; is produced as a product
of thc OTcFs group transfer, and is easily removed under vacuum. Pentafluorooxotcliurate(VI) can also be
introduced oxidatively, and this is most easily accomplished by using a noble gas-containing oxidizer such as

Xe(OTcFs), >4!
TeF, + Xe(OTeFg), ————— F,Te(OTeFs), + Xe W]

This type of reaction also produces xenon gas, which is volatile and easily removed under vacuum, and thus .

provides another clecan synthetic route.

TELLURIUM DERIVATIVES CONTAINING THE OTeFs LIGAND

The tetrakis OTeF derivative of TeF, has a pseudo-trigonal bipyramidal (disphenoidal) structure,*? in
which the axial and equatorial OTeFs groups undergo rapid intramolecular exchange between the axial and
cquatorial sitcs.*3 The 12>Te NMR spectrum of Te(OTeFs), in both CH;CN and SO,CIF solvents at room
temperaturc consists of a doublet of quintets in the Te(VI) region, resulting from Te-F,, and Te-Fq coupling
in thc cxchange-averaged axial and equatorial OTeFg ligands.“ The 2Te NMR spectrum also shows only one
Te(VI)-Te(1V) coupling at room temperature, and therefore indicates the presence of four equivalent rapidly
exchanging OTcFs groups. Upon cooling to -127 °C in SO,CIF, the rapid intramolecular exchange is slowed
sufficicntly for the two Te(VI) environments to be observed in the I9F and 1%Te NMR spectra.43

The mixed F/OTeFs5 derivatives, TeF, (OTeFs), (x = 1 - 3), resulting from ligand redistribution among
TeF, and Te(OTeFs), also exhibit rapid intramolecular exchange at room temperature, which cannot be slowed '

down even upon cooling to the freezing point of the solvent SOZCIF."‘3 The !**Te NMR spectra of these
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compounds show, in the Te(IV) region, a singlet for Te(OTeFs),, a doublet for TeF(OTeFs),, and a binomial
triplet for Ter(OTeF5)2.43 A mixture of cis/trans-F,Te(OTeFs), is produced by oxidative addition of

Xc(OTeFs), 1o TeF, at 110 °C 3

TeF, + Xe(OTeFg)y —————» cisftrans-F,Te(OTcFs), + Xe ®)

It can be assumed that this reaction proceeds through the formation of OTeF; radicals, which oxidize TeF, to

> The 'F NMR spectrum of the cis-isomer shows partly overlapping A,B, and AB,

thc hexavalent state.
paticms; the A,B, paticrn results from two pairs of non-equivalent fluorincs bonded to the tellurium, while the
AB, pattcm rcsults from the axial and cquatorial fluorine ligands of the cquivalent OTeFg groups.5

The tetrakis-OTeFs derivatives of TeF arc synthesized in Freon 113 at -10 °C 3

Te(OTcFy), + F, — RN 1B, isiiransF,Te(OTcFs), )

The '°F NMR spectrum of cis-F,Te(OTeFs), shows two distinct AB, pattems, indicating two non-cquivalent
OTecF groups, while the 19F NMR spectrum of trans-F,Te(OTeFs), shows only one AB, pattemn, indicative
of four cquivalent OTcF4 ligands whose oxygens are coplanar. There is no cvidence of isomerization between
the cis- and trans-isomers.”> The mer-F;Te(OTeFs), isomer is also present as a product in the mixture derived
from reaction (9); the characteristic AB, pattem of this molecule is observed in the 1 NMR spectrum. When
Te(OTeFs), is allowed to rcact with XeF, instead of F,, inexplicably the major product is FTe(OTeFs)s with
some cis-F,Te(OTcFs),, but none of the trans-isomer.’ The 'F NMR spectrum of FTe(OTeFs)5 shows two
different AB, paticrns in a 1:4 ratio, as well as a singlet from the fluorinc ligand attached to the central
tcllurium.’ '

The fully substituted compound, Te(OTeF;)g, is easily produced in Freon 113 solvent at room temperature

upon irradiation of the solution with a 500-W high pressure mercury lamp5

Te(OTeFy), + Xe(OTeFs), ——=21E—» Te(OTeFy) + Xe )

The rcaction can also be effected thermally. The central tellurium in Te(OTeFs)g is bonded octahedrally to the

six oxygen aloms of the -OTeF5 ligands, which arc themsclves almost octahedral in shape.
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OTHER TELLURIUM(VI) DERIVATIVES

Compounds of the general formula TeFsX are known where X is OH 3114 o4 OCF,,“(’ OCH3,47'48
OF,* NC0.%° C1,>! Br,’2 NH,,%% N3, N(CH,),,>* and a variety of other highly substituted alkoxy species. 4853
The reaction of TcFg and (CH3)4SiN(CH,), is easily facilitated at 0 °C in anhydrous CD,Cl,, producing
compounds of the serics TeF [N(CH3),)s, (x = 1 - 5) in small quantities;>* for the product series
TcF,IN(CHs), ... Which were identified using '>F NMR spectroscopy, the value of x depends on the molar ratio

of TeFg : (CH;);SiN(CH,),.>* Fora 1 : 1 reaction mixture, x = 1

TeFg + (CHy)ySIN(CH;), —22— s F,TeN(CH,), + (CHy),SiF at

The reaction of TeFg with (CH;3)3SiN5 ina 2 : 1 molar ratio proceeds partially to give a 1 : 1 product ratio
of TcFsN, and cis-TeF(N3), after a one day reaction period. The reaction of TeFg with (CH;);SiNj in a 1:4
molar ratio gives all members of the series TeF, X¢ , (x = 1 - 5) except mer-TeF;X,; the TeF is complctely
consumed.>* With the Ny ligand, reduction over time occurs to give a hitherto unidentifiable Te(IV) specics,
whilc the products of X = N(CH,), decomposed to a grey powder after several hours of reaction above 0 °oC34

Pcntafluoroicllurium hypochlorite, CIOTeFs, is efficiently produced according to reaction ( 12)°6

B(OTcFs); + 3CIF ———————» 3CIOTeFs + BF, (12)

The low tempcrature reaction of CIOTeF; with the fluorocarbon iodides, CF;l, C;Fsl, and n-C5F;1 results in the
formation of RI(OTeFs), in high yic:ld.46 The latter two are stable, while the trifluoromethyl derivative
dccomposes above -78 °C to give a 17 % yield of CF3OTeF5.46 The perfluoroethyl and perfluoro-n-propyl

compounds dccompose at 120 °C, or under UV radiation, to give C,FsOTeF4 and n-C;F,0TeFs, respectively.“’

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear Magnetic Resonance spectroscopy is one of the most useful techniques for gathering structural
information on fluoro-tellurium (main-group) species. This technique is especially useful for low-temperature
structural determinations on fluoro-tellurium compounds, many of which are labile at ambient temperature. The

presence of several naturally occuring spin % isotopes, such as 1257e, 19, and 13C, facilitates a thorough analysis e

of the products of rcactions between fluoro-tellurium and carbon-containing species.
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From NMR spcctra, one can use data pertaining to chemical shifts and coupling constants, which can
traverse a number of bonds in some cases, 10 arrive at the gross molccular structure. The NMR-active isotopes

which arc relevant 1o this work, and some of their properties, are listed in Table 1.7

GOALS OF THE PRESENT WORK

Thc main goal of this research is to explore the limits of the coordination ability of Te(VI), namely, to
producc the heptacoordinated Te(VI) anionic analogs of TeF,’, which, in the main, are derivatives of the OTeF;
group. Three attempts to prepare heptacoordinated ar.alogs of TeF;™ will be attempted, each with a different
ligand; namely OTeFs, OCF;, and CN.

The synthescs of the novel heptacoordinated Te(VI) anions TeF (OTeFs), ", (n = 0,2,7), will be attempted
in  oxidative-addition ligand-transfer reactions using the pentacoodinated Te(IV) precursors
N(C,H),"Te(OTeFs)s™ or N(C4Hg), TeFy', as the Te(IV) source, in order to verify the capability of the large,
highly clectronegative OTeFs ligand to participate in heptacoordination to ‘Te(VI). The respective neutral analogs
of the above heptacoordinated anions, namely TeF,(OTeFs),, TcF4(OTeFs);, and Te(OTeFs), are well
characterized and stable. The syntheses of anions related to those above have been attempted previously by
Scppcll.58 but in a non-oxidative manncr, and were not successful.

The syntheses of the novel heptacoordinated Te(VI) anions FTeOCF5™ and FgTeCN™ will be attempted in
non-oxidative ligand-transfer reactions with Te(VI) precursors, again in order to determine the ability of the
OCF; and CN ligands 10 participatc in heptacoordination to Te(VI). The Te(VI) precursor to TeF¢OCF3,
TcF5OCF,, has been prepared previously in low yield (ca. 17 %)* and characterized by infrared and 1F NMR
spectroscopy, while the obvious Te(VI) precursor 10 TeF¢CN", namely TcFsCN, is not known; thus, its

preparation will also be attcmpted.




Table 1. NMR Propenics of Nuclides Relevant to This Work>’

a
b

C

ISOTOPE SPIN

'H "
3¢ "
19k b
29 v
123Tc ¥%
1 25"l"c )

Natural abundance.

Frcquencies are relative to the protons of Si(CH;),, which resonate at exactly 100 MHz (B, = 2.349 T).

Magnctogyric ratio.

NA. %°

99.985
1.108
100.00
4.70
0.87
6.99

Z,MHz®

100.00
25.145
94.094
19.867
26.170

31.550

Y. 107rad(sT N

26.7522

6.7283
25.1815
-5.3190
-71.0576
-8.5087




EXPERIMENTAL SECTION

MATERIALS The solvenis CH3CN (HPLC Grade Caledon Laboratories), CH,Cl, (Caledon Laboratorics), and
SO,CIF (Columbia Organic Chemicals) were purified and dricd according to the literature methods.>®%! The
reagents XeF,,%2 (C,H5)yN"OTeFs %> TeF.% CIF,5° TeF¢,% (C,Hs)N"Te(OTeF )5 . (C,Hg) N TeFy ®” and
(CH4),N"TeFy 2 were prepared according to the literature methods. Other reagents used were F, (Air Products),
Te(OH), (BDH), HSO5F (Allied Chemical), BCl; (Matheson), COF, (Matheson), CF;1 (K & K), CsF (Merck)
and (CH;);SiCN (Aldrich). The CsF was dried by fusion in a platinum crucible at red heat, immediately placed

in the dry box port and evacuatcd while cooling, and ground in the dry box.

APPARATUS The air- and moisturc-sensitive natures of thc precursors and products required that all
manipulations be carricd out under anhydrous condilions. Nonvolatile materials were handled in the dry
atmosphere of a dry box (Vacuum Atmospheres Model DLX) equipped with cryogenic wells, as previously
described 8% Volaiile matérials were handled in glass (Pyrex) and mctal (316 stainless stecl/mickel,
fluoroplastic, FEP, and Kel-f) vacuum lines (Figures 2 and 3). Pressurcs were measured at ambicnt icmperature
on the glass vacuum linc using a mercury manometer. Pressurcs were measured at ambient iemperature on the
mctal vacuum line using an MKS Model PDR-5B digital readout with pressure transducers having wetted inconel

surfaces.

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY The '°F NMR spectra were recorded unlocked

(ficld drift , 0.1 Hz h'!) with a Bruker AM-500 spectrometer cquipped with a 11.744-T cryomagnet and an
Aspecet 3000 compuicr. The 1F NMR spectra were obtained by using a 5S-mm combination TH/9F probe
opcrating at 470.599 MHz. Typical parameters for the acquisition of the 5 NMR spectra are given in
Tablc 2.

The 13C and 1%Te NMR spectra were obtained using a broad-band VSP probe tunable over the range of

23-202 MHz. The '3C spectra were recorded at 125.759 MHz while the '23Te NMR spectra were recorded at

. 157.792 MHz. Typical acquisition paramcters for thesc two nuclides arc listed in Table 2.

The '9F NMR spectra were referenced o a ncat external sample of CFCl; al ambient temperature; the
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Figurc 2. Pyrex glass vacuum line; (A) mercury manometer; (B) dry N, inlet; (C) liquid N, trap.
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Tablc 2. Typical Acquisition Parameters for 3¢, 1F and 15Te NMR Spectroscopy

ACQUISITION PARAMETER Be 19 1251,
1) Refcrence standard Si(CH,), CFCl, Te(CHy),
2) Spectrometer frequency? (MHz) 125.759 470.599 157.792
3) Data point resolution (Hz/d.p.) 3.6 1.79 - 3.05 6.1

4) Spectral width (kHz) 30 30 - 50 100

5) Mcmory size (Kb) 16 32 32

6) Pulsc width (is) 6.4 100 18.0

7) Linc Broadcning (Hz) 2 ‘ 0 6

8) Numbeci of transicnts 20,000 1000 - 5000 50,000
9) Acquisition Timc (s) 0.278 0.557-0.327 0.166

a At a ficld strength of 11.744 T frequencies are relative to the protons of Si(CHs3),, which resonate
at 500.137 MHz.
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125T¢ spectra were referenced similarly to Te(CHj;), at ambient temperature, and the 13C spectra were referenced
o a ncat samplc of Si(CH5),. The chemical shift convention used is that a positive sign signifies a chemical
shift to high frequency of the reference compound.

Fluorinc-19 and '3C NMR samples were prepared in ca. 30 cm lengths of AWG 9 (ca. 4-mm o.d., 0.8-mm
wall) FEP plastic wbing, which was heat sealed at onc end with an open end flared (45° SAE) and joined, by
mcans of a compression fitting, to a Kel-F valve. The NMR samples for 125Te NMR spectroscopy were
prepared similarly to the 19F NMR samples, except that 9-mm o.d. (1.5-mm wall) FEP plastic tubing was used
insticad. The 9-mm NMR sample tubes were made by molding 10-mm o.d. FEP tubing into 9-mm o.d. tubing
using a hcated brass mold. The NMR samples were placed in Wilmad glass tubes (5-mm o.d. thin wall for 19,
10-mm o.d. precision thin wall for 1251, ¢) for inscrtion into thc NMR probes.

For low icmperaturc NMR mcasurments, samples were usually wanned only sufficiently to liquify and
solubilizc the rcagents. Samples were precoolced to the approximatc temperature of the NMR probe, inserted into

the probe and allowed to cquilibrate while spinning prior to data acquisition.

PREPARATION OF HOTcF535 Finely ground (HO),Te (72.05 g, 313.8 mmol) was loaded into the reaction

bulb (Figurc 4); the entry point to the bulb (A) was sealed with a B-19 glass cap using halocarbon wax. The
apparatus was attached 1o a glass vacuum line and evacuated for 24 hours. The apparatus was pressurized with
1 aim. N,, removed from the glass vacuum line, and placed i~ a fumchood. in a glove bag with a N,
atmosphcre, 130 ml (2.27 mmol) of crude HSO;F was measured into a weight buret. The burct was rcmoved
f rom the glove bag and attached to the reaction bulb via a side outlet. The reaction bulb was immersed in a dry
icc/acctone bath, and thc HSO4F added slowly in a dropwisc manner with constant stirring of the resultant
mixturc. Upon complction of the HSO,F addition, the reaction bulb was removed from the bath and allowed
to warm to room lcmpcrature. At this point the reaction mixture was a thick opaque white liquid suspension.

The upper glass cup of the reaction apparatus (B) was filled with a dry icc/acetone slush, and the condcnser
(C) covered with a J-cloth cooled with liquid N,. The reaction flask was heated gently using a heating mantle.
As the rcaction mixture refluxed, the solution became clear. The first fraction distilled at 30 °C, and was
condcnsed by cooling the J-cloth using liquid N,. When a sufficicnt amount of HOTeFg had accumulaied, the

J-cloth was removed and the condenscer gently warmed in order to melt product so that it could flow into the recerving




18

.

H,O in d | .

ot .
e To receiving vessel
o]

Pyrex glass bulb

Figurc 4. Apparatus for the preparation of HOTcF;.
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vessel. This process was repeated until the vapour temperature reached 95 °C, at which point the distillation was
halied.

The crude HOTeF; was distilled in vacuo at -196 °C from the receiving vesscl into a sublimer (Figure 5)
containing concentrated H,SO, (125 ml). A porion of previously prepared impure HOTeF4 was added 1o this
samplc, by vacuum distillation on the glass vacuum line, for purification purposes. The sublimer was rcmoved
from the vacuum linc to the fumc hood, and immersed in a hot oil bath. The cold finger of the sublimcr was
cooled by passing cold water through it. The sublimauon was performed overnight at 100 - 145 °C. The
sublimer was attached to the glass vacuum linc, and the HOTeFs was distilled into a pre-weighed FEP tube
cquipped with a Kel-F valve. The resultant solid white product displayed premelting on warming to room
lempcraturc, and was therefore judged to be impure.

A purification apparatus was constructed (Figure 6_) in order to remove the liquid impurity, using
Ei,N*OTcFs as the purification rcagent. The crude HOTeF was vacuum distilled on to the solid EiyN"OTcFg’
in (a) at -196 °C. After warming to room temperature, the resulting clear liquid was allowed to react for ca. 24
hours.- The repurified HOTeF was vacuum distilled into the same pre-weighed FEP tube. Somc premelting was
still apparcnt in the sample.

Owing to the addition of extra crudc HOTeF 4 from a previous preparation at the purification stage. no truc

yicld could be reporied. The FEP tube was pressurized with dry N, and stored at room temperature until used.

PREPARATION OF B(OTeF;),***"  Pentafluorooxotelluric acid (57.67 g, 240.7 mmol) was distilled in vacuo

into a rcaction vessel construcicd from a 500 mL Schott Pyrex glass bulb and equipped with a glass/Tcflon
Rotoflo stopcock at -196 °C. In order to prevent any of the premeiied HOTeFs from transfém'ng during the
distillation, the bottom of the FEP l'ubc containing the HOTeF5 was immersed in an ice/water bath. Redistillcd
BCl, was condcnsed in vacuo in three aliquots (9411 g, 80.32 mmol) into 2 3 mL graduated glass tube. Each
aliquot was prepared by distilling ca. 3 mL of BCl, into the preweighed graduated glass tubc at -78 0C. The
graduatcd tubc was weighed (after BCl; had becn distilled into it) and then atiached to a Y-piece connccting the
rcaction vessel containing the HOTeFs to the vacuum line. The BCl; was vacuum distilicd on to the HOTcFs
at -196 °C. Upon compiction of cach of the threc BCl, transfers, the reaction vessel was slowly allowed to

warm 1o room tcmperature.  Gascous HCI was cvolved as the rcactants were allowed to warm.  The
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rcaction mixturc was melied with tepid water 1o ensure thorough mixing of the reagents. The mixwre was then
cooled 1o -78 °C and the HCl pumped off.

The final product (yicld 57.60 g, 99.97 %) was free of visible contamination and showed novpre-mclung.

The product was storcd at room temperature in the dry box in its glass reaction bulb until required.

PREPARATION OF Xc(OTeFs), Boron trispentafluorooxoteliurate(VI)] (10.6631 g, 14.68 mmol) was loaded

into a dry %" FEP tube in the dry box. The tube was then placed into a cold-well, located inside the dry box
and cooled 10 -196 °C. Xenon difluoride (3.7482 g, 22.14 mmol) was added to the cold B(OTeFs),. The FEP
tube was kept cold and fitted with a Kel-F valve before removal from the dry box. The cold tube was attached
to a glass vacuum line and Freon 114 (ca. 6 cm depth) distilled on to the solid reagents at -196 °C. The tube
was placed in a -78 °C cold bath, atiached 10 a metal vacuum line and the open tube and vacuum manifold were
pressurized 10 1 ammcsphere with dry N,.  The reaction mixture was further warmed to -8 °C over the period
of 1 hour. During this time, BF; slowly evolved and was periodically pumped away in order t0 maintain the
pressure in the manifold and reaction tube at ca. 1 atmosphere. As the reaction ratc slowed, the tube was
allowcd to warm to room tcmperature in order to complete the reaction. When no further pressure increase was
noted the solvent was slowly pumped away, leaving a very pale yellow microcrystalline powdcer in esscntially
guantitative yicld (13.2162 g, 98.1 %). The tube was pressurized with dry N, and stored at -78 °C until

required.

PREPARATION OF SAMPLES OF (C,H:)N'Te(OTeFs)s” IN SO,CIF AND CH,Cl, FOR F NMR
SPECTRQOSCOPY

In the dry box (C,H),N"Te(OTeFs)s (tube A: 3.4691 mg, 2.391 mmol; tube B: 2.8849 mg, 1.988 mmol)
was weighed into two predried 4-mm o.d. FEP NMR tubes. The tubes were removed from the drybox and
attached to a glass vacuum line. The solvent CH,Cl, (ca. 4 cm depth) was vacuum distilied on to the solid in
tubc A at -196 °C (Figure 7). The tube was heat-sealed under vacuum at -196 °C. A similar quantity of SO,CIF
was distilled into tubc B, which was then heat-secaled. The sampies both formed clear colourless solutions at

-45 °C. Both samples werc stored at -196 °C unitil their NMR spcctra could be recorded.
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J. Young stopcock

PTFE Swagclok 4" union
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Figurc 7. Apparatus uscd in the preparation of 19F NMR samplcs of (C2H5)4N'* Te(OTeFs)s
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ATTEMPTED PREPARATION OF (C,H5),N"Te(OTeFs); In the drybox, (C,Hs)N"Te(OTeFs)s (0.0734 g,

0.0506 mmol) was weighed into a predried 4-mm FEP wbe. The be was cooled to -196 °C and Xe(OTeFs),
(0.0312 g, 0.0513 mmol) added. The tubc was fiticd with a Kel-F valve, removed cold from the dry box, and
autached to the glass vacuum linc. Approximatcly 4 cm (depth) of SO,CIF was vacuum distilled on 10 the solids
at -196 °C. The wbc was hcat-scaled under vacuum and stored at -196 °C until its NMR spectrum could be

recorded.

ATTEMPTED PREPARATION OF (C,Hg),N'TeF,(OTeF5)s” In an manner analogous to the atnempted

preparation of (C,Hs)N"Te(OTcFs); ", (C,Hs),N"Te(OTeFs)s (0.0659 g, 0.0454 mmol) and excess XeF, (0.0117
g. 0.0691 mmol) werc added 10 a 4-mm FEP NMR tube at -196 °C and ca. 4 cm (depth) of SO,CIF distilled
on to the solids at -196 °C. Thc tube was heat-scaled under vacuum and stored at -196 °C until its NMR

spectrum could be recorded.

ATTEMPTED PREPARATION OF (C,,H‘,)AN‘Tqu(OTeFjb'_ In an analogous manner to the attempted

preparation of (C2H5)4N+Te(0TeF5)7', (C4H9)4N’TeF5' (0.0385 g, 0.0827 mmol) and Xe(OTeFs), (0.0755 g,
0.1241 mmol), in a 50 % molar cxcess, were added to a 4-mm FEP NMR tubc at -196 °C and ca. 4 cm (depth)
of SO,CIF distilled on to the solids at -196 °C. The tube was heat-sealed under vacuum and stored at -196 °C

until its NMR spectrum could be recorded.

PREPARATION OF CF,OF " In a drybox, finely ground CsF (9.04 g, 59.5 mmol) was transterred into a

prefluorinated 75 ml Whitey 304 stainless steel cylinder equipped with a Whitcy ORM2 316 stainiess steel valve.
‘The cylinder was attached 10 a metal vacuum line, evacuated, cooled to -196 °C and COF, (27.54 mmol) was
condcnsed in.  After pumping away any non-condensibles at -196 °C, F, (29.02 mmol) was condensed into the
cylinder at -196 °C. The cylinder was placed in a -78 °C bath and allowed to warm slowly to room tempcrature

over a 24 hour period. The yicld of CF;0F was 2.7991 g (97.7 %).

PREPARATION OF ClOTeF; 45 Boron tris[pentafluorooxotellurate(VI)} (5.5893 g, 7.6948 mmol) was melied

into a 40 mL Whitcy 304 stainlcss steel cylinder and finted with 2 Whilcy ORM2 316 stainless sicel valve in the
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dry box. The cylinder was autached 1o the metal vacuum line, which had been seasoned with F,, then CIF. The
CIF (23.885 mmol) was metcred out at -78 °C, in order to avoid contamination with Cl,, and condensed on to
thc B(OTcFs), in the cylinder at -196 °C. The valve on the cylinder was closed and the cylinder surrounded
by a dry icc/accione bath. The rcaction was allowed to proceed at -78 °C for 20 hours. The cylinder was
warmed to 0 °C for ca. 20 minutcs, and cooled to -105 °C in a CS,/liquid N, slush. The gaseous product BF,
and cxcess CIF were pumped off under vacuum at -105 °C. The can was allowed to warm 10 room temperature
and the contents vacuum distilled into a pre-fluorinated 4" FEP storage tube equipped with a Kel-F valve. The
product was a bright yellow liquid. The tubc was pressurized to 1.5 amospheres with dry N, at -78 °C and

stored at room temperature in a fumehood. The yield was 6.2768 g (99.2 %).

ATTEMPTED PREPARATION OF TcF:OCF,

Mcthod onc: In a dry box, fincly ground TeF, (1.9125 g, 9.394 mmol) was transfcrred into a 40 mL
prcfluorinated Whitey 304 stainless steel cylinder equipped with a Whitey ORM?2 316 stainless stez] valve. The
cylinder was removed ;. m the dry box, attached to a metal vacuum line, and evacuated. A total of ten aliquots
of CF;0F (9.911 mmol) wcfc distilicd into the melal cylinder at -196 °C, providing a 5.5 % molar excess. The
cylinder was allowed 10 warm to room tcmperature over a 24 hour period. The cylinder was placed in a fumace
at 100 °C and ailowed to rcact for another 24 hours. A sample was removed in order 10 check the gas phasc
IR spcctrum, which showed that the reaction was incomplete; thus, the cylinder was warmed at 150 °C for a
further 24 hours. The IR spectrum of the products volatile at -78 °C showed the presence of unrcacted CF,OF
as well as COF,. The volatile product at room temperature was distilled into an NMR tube for I9F NMR study,

which was stored at -196 °C until its spectrum could be recorded.

Method 1wo:*® On the metal vacuum line, CF;l (5.222 mmol) was condenscd into a pre-fluorinated 20 mL
Moncl cannister equipped with a Hoke stainless steel valve at -196 °C. The ClOTeFs (10.402 mmol) was
condenscd on to solid CF,l at -196 °C. The valve on the cannister was closed and the cannister surrounded by
a dry icc/acetonc bath. The reaction was allowed 1o proceed at -78 °C for four days, with periodic removal of
the cvolved Cl, gas at -78 °C. After four days, the cannister was attached to two U-traps cooled to -78 °C and

-126 °C, respectively (Figure 8), and the contents distilled under dynamic vacuum. After a 15 minute distillation
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period, there was an accumulation of brown non-volatile material in the -78 °C trap, and an accumulation of
ycilow volatile malcrial in the -126 °C trap. The contents of the trap at -126 °C were distilled into a <" FEP
tubc and warmed 10 room lecmperaturc. At room lemperature there was only a small amount of the expected

clcar-colourcd TcFsOCF; product, and thus, funther aitempts 1o prepare TeFOCF;™ were abandoned.

PREPARATION OF (CH;)/N*TeF,CN" In the dry box, (CH3),N"TeF;” (0.0516 g, 0.1609 mmol) was
transfcrred in to a 4-mm o.d. FEP NMR wube. The tube was fitted with a Kel-F valve, attached to a glass
vacuum line and CH;CN (ca. 3.5 cm depthy vacuum distilled into the tube.

The requisitc amount of (CH;);SiCN (0.01470 g, 0.1482 mmol) was vacuum distilled into a small glass
weighing tube equipped with a J. Young stopcock (Figure 9). The weighing tube was reattached to the vacuum
linc and the (CH,);SiCN vacuum distilled into the NMR tube. The tube was heat-scaled and stored at -196 °C
until its NMR spectrum could be recorded.

In a manner analogous to the preparation of the I%F NMR sample, a sample was prepared for 125Te NMR
characterization using a 9-mm o.d. FEP NMR tube and the following quantitics of reagents: (CH;)3SICN

(0.0807 g, 0.8135 mmol) and N(CH,),*TeF; (0.2723 g, 0.8490 mmol).

PREPARATION OF TeF<CN In a typical expcriment ca. 3.5 cm (height) of CH;CN solvent was transfered
on a glass vacuum line into a dry 4 mm-FEP NMR fitted with a Kcl-F valve. As described for the previous
preparation, (CH3);SiCN (0.1531 mmol) was condensed into the FEP tube at -196 °C. The FEP tubc was
awtached to a metal vacuum line where TcFg (0.1540 mmol) was condensed into the 4 mm FEP tube at -196 °C.
The tube was heat-scaled, and stored at -196 °C.

In an analogous manncr to the preparation of the F NMR sample, a sample for 125Te NMR
characterization was prepared, using a 9-mm o.d. FEP NMR tube and the following quantities: (CH3);SiCN
(0.1563 g, 1.576 mmol) and N(CH3)4+TcF7' (0.4027 g, 1.667 mmol).

Both F and 'Te NMR samples were analogously preparcd using SO,CIF solvent insiead of CH;CN

solvent.
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RESULTS AND DISCUSSION

1%F NMR SPECTROSCOPIC CHARACTERIZATION OF (C,H5),N"Te(OTeF¢)s” IN SO,CIF AND CH,Ci,

The '%F NMR spectrum of (C,Hs)4,N*Te(OTcFs)s", in SO,CIF solvent at -50 °C, showed three AB, spin
patterns and onc singlet (Figurc 10). The two AB, patterns in a 1 : 4 ratio were attributed, respectively, 1o the
onc axial and four equatorial OTcFg ligands of the squarc pyramidal Te(OTeFs)s™ anion. The chemical shifts
and coupling constants for this species arc summarized in Table 3. The singlet at -15.3 ppm was attributed to
thc F-on-Te(IV) environment in the FTe(OTeFs),” anion bascd on recent results in our laboratory.63 This anion
is an impurity arising from the original preparation of the (C,Hs),N"Te(OTeFs)s™ salt. The AB, spin pattern
of the four cquivalent equatorial OTcF; ligands of FTc(OTeFs), partially overlaps with the AB,4 spin pattern
of the cquatorial OTcFjs ligands of the Te(OTeFs)s™ anion. The singlet at -28.7 ppm ariscs from an unidentificd
oxidativcly inent impurity in the SO,CIF solvent, while the resonance at ca. -25 ppm is a solvent fold-in.

The '°F NMR spectrum of (C,H)4N"Te(OTcFs)s", in CH,Cl, solvent at -50 °C, showed two AB, spin
paticrns in the range of -30 to 43 ppm, which were not well resolved. The AB, pattemn of the equatorial OTeFs
ligands in FTe(OTeFs),” ovcriaps almost completely with the AB, patten of the equatorial OTeFs ligands in
Tc(OTeFs)s™ in this solvent, and thus, the chemical shifts and coupling constants could not be accurately
determined.

Because of the stability of SO,CIF towards the oxidizers XeF, and Xe(OTeF5)2,71 and because the '°F
resonances of Te(OTeFs)s™ and FTe(OTeFs),” are better dispersed in SO,CIF solvent compared with CH,Cl,

solvent, all subsequent syntheses were carried out in SO,CIF solvent.

ATTEMPTED PREPARATION OF (C,H<),N'"Te(OTeFg),-

The 'F NMR spectra of the products of the reaction between (C2H5)4N+Te(OTeF5)5' and Xc(OTeFs),
in SO, CIF solvent were initially recorded after warming 1o -50 °C, and then again after 5 minutes at 0 °C. There
was no apparent rcaction after cither warming, nor after 15 minutes at room tempcerature, nor was gas evolution

obscrved. After cach warming, the spectra were run at -50 °C.
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Tablc 3. '%F NMR Data for Te(OTeFs)s™ in SO,CIF and CH,Cl, Solvents

O(A), ppm &(B,), ppm

SO,CIF Solvent
(OTcFy),, 42.8 -35.2
(O'l"ocFS)cq -379 -38.8

CH,Cl, Solvent

(OTcFy),, 2 2

(OTch)cq 'a 'a

]J(lgF,q-lstclLHz

3685

3697

3699°

3690°

219, ,-1%F ). Hz
173
173
188P
177°

31

2 Owing to the superposition of the A and B, resonances from Te(OTcF)s™ and FTe(OTeFs),’, the chemical

shifts could not be accurately determined.

b Approximatc valucs.
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At -50 °C, the spectrum (Figure 11) consisted of a singlet and four overlapping AB, spin pattems. Th'
singlet at -15.3 ppm results from the F-on-Te(1V) environment in the FTe(OTeFs),™ anion, which, as mentioned
* previously, is an impurity from the original preparation of (C,Hs),N"Te(OTcFs)s. The two AB, spin pattcmns
arising from the equatcrial OTeFs ligands of both Te(OTeFs)s™ and FTe(OTcFs),” were located as described
abovce, as was the resonance for the cquatorial OTcF; ligand of the Te(OTeFs)s™ anion. The fourth AB, pattemn,
which partially overlaps with the A pan of the axial OTeF; ligand of Te(OTeFy)s”, resulted from the presence
of unrcacted Xe(OTcFs),; the chemical shift and coupling constant for Xe(OTeFs), agreed with literature
values.”? The chemical shifis and coupling constants for these species are summarized in Table 4.
There was no apparcnt change in the 19 NMR spectrum of the sample upon warming the NMR tube 10

0 °C for ca. 5 minutes.

ATTEMPTED PREPARATION OF (C,H/),N"TeF,(OTeFs)s

The '°F NMR spectra of the products of the reaction between (C,Hs),N*"Te(OTeFs)s™ and a 50 % molar
excess of XcF,, in SO,CIF solvent, were recorded initially afier warming the sample from -196 °C to -50 °C‘
then after a 15 minute warming at 25 °C. There was no observed gas evolution at either temperature. The probe
lempcerature was maintained at -50 °C.

The '°F NMR spectrum of the reaction products at -50 °C exhibited two singlets and two AB, spin
patterns (Figure 12). The two AB, spin pattems attributed to the Te(OTeFs)s™ anion wers no longer present.
The morc intense singlet at -15.3 ppm was attributed to the F-on-Te(1V) environment of FTe(OTeFs),’, and was

much more intcnsc in comparison with the corresponding resonance of the same anion as an impurity in the 3

73.74 and was duc

NMR spectrum of Te(OTeFs)s™. The less intense singlet at -176.8 ppm was attributed to XcF,,
1o the ca. 50 % molar excess of XcF, relative to Te(OTeFs)s™. The most intense AB, spin pattemn corresponded
to the equatorial OTeFs ligands of FTe(OTeFs), , while the less intense of the two AB, spin pattems, which
were also observed in the Te(OTeFs)s/Xc(OTeFs), system (vide supra), was assigned to Xe(OTeFs),. The
chemical shifts and coupling constants for the observed species are summarized in Table 5.

Since the concentration of Te(OTcFs)s~ was cssentially the same for both this and the Te(OTcFs)s

/Xc(OTcFg), systcm, a comparison between the two spectra could be made using the resonance at -15.3 ppm.‘

The increasc in intensity in the F-on-Te(1V) resonance at -15.3 ppm in this spectrum, aficr taking into
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Table 4. '°F NMR Data for Products Observed in the Reaction Between (C,H5)4N"Te(OTcFs)s™ and
X¢(OTcFs), in SO,CIF Solvent at -50 °C

F-on-Te(VID) Environments:

dAlpom 8By ppm  UCOF'PTe) He  ACF,15F, ), He

[Te(OTeFs)sI"

(OTcFy),, 42.8 -35.2 3684 175
(OTeFy),, -37.9 -38.8 3710 182
FTc(OTeFs), -37.8 -39.4 3578 170
Xe(OTcFs), 420 45.1 3645 175

F-on-Te(IV) Environment:

S, ppm IJng,,,-uST e), Hz

FTe(OTeFs), -15.3 2

a Owing to the poor signal-to-noise ratio, this coupling could not be resolved from the baseline noise.
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Tablc 5. 'F NMR Data for Products Observed in the Reaction Between (C,Hs),N"Te(OTeFs)s™ and XcF, ‘

in SO,CIF Solvent at -50 °C

F-on-Te(VD) Environments:

S(A), (ppm)
FTc(OTcFy), -37.8
Xc(OTeFs), 419
FXcOTecF; 2

F-on-T¢(1V) Environment:

FTe(OTeFs),

F-on-Xc(11) Environments:

XceF,

FXcOTcF4

a Obscured owing to overlap with other rcsonances.

-394

-45.0

-46.3

-15.3

-176.8

-151.0

14,19 12
JLfi,,q-_ 5Tc), Hz

3647
3649

3621

14,1 1
J(9E_15Te), Hz

2874

13(19¢.129%e), Hz

5607

5729

21(‘&,-‘%”), Hz
177
176
179
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consideration the intensity of the corresponding impurit; resonance resulting from the attempted preparation of
the Tc(OTcFs),™ anion, an intensity approximatcly ' that of the resonance auributed to Xe(OTcFs), was observed
in this preparative attempt. Thus, at -50 °C, there appears to have been simple ligand exchange according o

rcaction (13)

2Te(OTeFy)s + XeF, ——Zut—+ 2FTe(OTcFy), + Xe(OTeFs), 3

Upon warming the NMR tube to 25 °C and re-running the spectrum at -50 °C, the singlet and AB, spin
paticrn attributed to FTe(OTcFs),” disappearcd, while the resonance attributed 1o Xe(OTeFs), increased greatly
in intensity (Figure 13). A resonance attributed to FXeOTeFg was also noted, which agreed with the published
data,” although only the B, resonance could be disccmed for this species; the A resonance was obscurred under
the spin patterns ol ihe mixed TeF (OTeFs)s  (n = 2 - 5) species, while th: F-on-Xe(II) singlet of FXeOTeFg
was located at -151.0 ppm (Figure 14).

Therefore, warming to 25 °C did not effect oxidative addition of OTeF5 ligands to any Te(IV) species to
form heptacoordinatc Te(VI) anions. Rather, further ligand exchange occurred, consuming all of the
FTc(OTceFs),” anion presend, and> producing the scrics of mixed F/OTcF substituted pentacoordinated Te(1V)
anions, TcF (OTcFg)s ,  (n = 2 - 5)63 according 1o cquation (14). Thesc anions gave a complcx series of

ovcrlapping resonances in the range of -33 to -43 ppm.

FTe(OTeF), + nXeF, —>Zcr——> TeF(OTeFs),, + nFXcOTeF; 4

ATTEMPTED PREPARATION OF (C,Hg),N*TeF(OTcFs),

The 'F NMR spectra of the prbducts of the reaction between (C4Hg),N"TcFs™ and a 50 % molar excess
of Xc(OTcFs),, in SO,CIF solvent, were recorded initially after warming the sample from -196 °C to -50 °C,
and then after 15 minutes at 0 °C. At -50 °C gas cvolution was observed. The probe temperature was
maintained at -50 °C.

The 'F NMR spectra were identical after warming at both temperatures. The spectra exhibited two AB,

spin patiems, onc sharp singlet, and onc broad resonance (Figure 15). All the resonances were in the F-on-
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Te(V]) rcgion. The singlet displaying satellites, at -52.3, was attributed to TeFg, and is believed 10 be the
product of a side rcaction. By comparison with thc data obtained for previous samples, onc AB, spin paticmn
was altributed 1o the rcactant Xe(OTeFs),, whilc the other AB, spin paticm was attributed to FsTcOTeFs, in
agrcement with the literature values.”® The chemical shifts and coupling constants for both of these specics arc
listed tn Tablc 6.
The broad resonance centered at ~ 36.5 ppm most likely arises from cxchanging OTcFs™. Presumably, the
OTcF4 anion is produced from the decomposition of a labile heptacoordinated Te(VI) intermediate, probably
TeFg(OTeFs),’, which is the product of an oxidative-addition reaction between Xe(OTeFs), and TeFs". The

labile intermediate decomposes according to equation (15)
TcFg(OTeFs), ——————* FsTcOTcFs + OTcFy : a15)

The oxidative addition of two OTeF5 groups to TeFs™ would result, initially, in axially substituted OTcF ligands,
forming an anion with distorted pentagonal bipyramidal geometry. As a heptacoordinated analog of TeF;',
TeF5(OTeFs),” would be expected to exhibit fluxional behaviour on the NMR time scale, and it is thought that
upon pscudoroiation of the OTcF; ligands into the equatorial plane, the configuration would become sterically
unfavourablc and hence labile.

Thercfore, these results indicate that an oxidation did indeed occur in this reaction in which the TeFg™ was

oxidizcd by Xc(OTeFy), to produce FsTeOTeFg, OTeFs™ and Xe as end products according to equation (16)

TeFs + Xe(OTeFs), ——Zor—» FsTcOTeFs + Xe + OTeFs (16)

Hcptacoordinated Te(VI) anions cxhibit a characteristic high frequency shift relative to octahedrally coordinated
Te(Vh spccics.77 and sincc no resonances were observed in the presently known heptacoordinated F-on-Te(V1)
region (10 - 40 ppm), it appears that no stable heptacoordinated Te(VI) anions with OTeFs substitution were

produccd.

ATTEMPTED PREPARATION OF TeF:OCF,

Two attempts were tadc at preparing the title compound in order to usc it as a precursor in the preparation

of TcFOCF;™. Both methods were oxidative-addition processes. Cady had successfully preparcd SFsOCF4
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Tablc 6. 'F NMR Data for Products Observed for the Reaction Between (C4Hg){N"TeFs™ and Xc(OTcFs),
in SO,CIF Solvent at -50 °C ‘

F-on-Te(VI) Environments:

&A), ppm 8By, ppom (% 1PTe) Hz A, 1F ), Hy

FsTcOTcF 41.6 -39.0 3704 182
Xc(OTcFy), 41.9 45.0 3745 177

8, ppm U(OF,1PTe), Hz  1I(%F, 1P Te), He
TcF,, 523 3800 b

9, ppm ]J(lgF,q-lste), Hz

FsTcO" -36.5 2 ®

a Not observed duc to exchange.

b Owing to the poor signal-to-noisc ratio, this coupling could not be resolved from the baseline noise.
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according 10 equation (17),"8 and thus, the preparation of the tellurium analog was auempted in the same manner.
SF, + CF;OF ————— SF;0CF; (17

In the first preparative aticmpt, the 9 NMR spectrum was recorded of the products of the reaction
between TeF, and CF,0F at 150 °C, which were not volatile at -78 °C, in SO,CIF solvent. The '°F NMR
spectrum at -50 °C (Figure 16) cxhibited only a singlet flanked by satcllites at -52.7 ppm (J(%F-15Te) = 3742
Hz; lJ(”"’F-’”'I"c) = 3104 Hz] in the F-on-octahedral Te(VI) region, which was ascigned to TeFq. Thus, 1t
appcars that TeFOCF; cannot be prepared by oxidative addition of CF3OF to TeF,.

The sccond preparative attempt proceeded according to the previous preparation of TeFsOCF5, by Christe
and coworkers, reactions (18) and (19), in which CF;l reacted with ClOTeFs to produce TeF;OCF; in an
approximaic yicld of only 17 %.%¢ Atcmpts to duplicate these results proved unsuccessful, and further attempts
to preparc TeF(OCF;” were abandoned.

2CIOTeFg + CFyl — 2"+ CF,I(OTcFy), + Cl (18)

2CF,I(OTeFy), ——=——» CF,0TcFs + CF3l +1(OTeFs), (19)

PREPARATION OF (CH3),N"TcF,CN-

The '%F NMR spectra of the products of the reaction between (CH),N"TcF,” and (CH3),SiCN, in CH3CN
solvent, were recorded after warming the sample from -196 to -45, -20, 0 °C, and finally to room temperature.
Aftcr cach warming the samplc was cooled to -45 °C, and the spectra run at 45 °C. The 13¢ and '2Te NMR
spectra were recorded only after warming to -45 °C. In cvery instance, the solution colour becamc, initially,
faint pink upon warming to -45 °C, and darkcned with time. Upon warming to -20 °C the solution colour
bccame light orange, while warming to 0 °C and above produced a turbid, brown coloured solution.

The 'F NMR specta of the reaction products after warming to 45 °C (Figure 1;7) showed two singlets
with satellites, in the F-on-heptacoordinated Te(VI) region, and a decet in the F-on-Si(IV) region. The morce
intcnsc singlet at 16.2 ppm, showing both 1251¢ and '23Te satellites, was atiributed to the TeF;™ anion, in good
agrcement with previously obtained data,® while thc weaker singict at 34.7 ppm was attributed to the new
monocyano-substituted TcF,CN™ anion. The dccet cenlered at -156.7 ppm, with 295i satellites, was attributed

to (CH3),SiF (Figure 18).70 The chemical shifts and coupling constants for all the observed specics are listed
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in Tabie 7. The reaction 10 form TcFgCN™ proceeded according to cquation (20)

TeFy + (CHp;SICN ——ZE8—» TeFCN' + (CH,),SiF (19)

According to 1F NMR data, the heptacoordinaicd TcF¢CN™ anion was produced in ca. 3.5 % yield at -45 °C.

The '>*Tc NMR spectrum of the reaction products afier warming to -45 °C showed a binomial ociet and
a binomial scpict in the heptacoordinated Te(V1) region (Figure 19). The intense binomial octet at 326.1 ppm
was attributed to TcF5', in accordance with the published data®, while the weak sepict at 300.0 ppm was
aunbuted 10 TcF,CN". The onc-bond 19 1257 coupling constants for both of these specics (Table 7), are in
good agrcement with those found in the !SF spccirum, and are ca. 1000 Hz smaller than those found for
octahcdrally coordinated Te(VI) specices.

The natural abundance 13C NMR spectrum at -45 °C (Figure 20) supports the formation of (CH,)4SiF as
a rcacuon product. Two overlapping quanets were observed at ~ 2 ppm; the less intense quartet of doublets at
-0.2 ppm was auributed to (CH;),SiF, while the morc intensc quariet at 1.9 ppm was attributed to the mcthyl
carbon of the solvent CH;CN. The singlct at 119 ppm was attributed to the cyano carbon of the solvent CH,CN.
The quartet at 56 ppm was assigned to the (CH4),N" cation. All thesc chemical shifis are in good agreement
with the literature values.3%8! There was also a weak unassigned resonance at 96 ppm, while the resonance for
(CH3);SICN could not be discemed. Owing to the low yicld of TeFgCN', the weak resonancc cxpected for the
CN cnvironment in TcFgCN™ could not be assigned uncquivocally; a 13¢ enriched sample would be required to
do this. The 3C chemical shifts and coupling constants for the above species are given in Table 7.

The 'F NMR spectra of the reaction products after warming to -20 °C (Figure 21) were not identical to
thosc at -45 “C. The peak assigned to TcF,CN™ was marginally more intense in comparison with the 125T¢
satcllite peaks of TeF;', and there was a new AX, multiplet of weak inicnsily in the pentacoordinated Te(IV)
region, which was attribuled 10 the squarc pyramidal TcFs” anion by comparison with litcrature data.8? The 1°F
NMR spectra of the reaction products after warming to 0 °C showed an increasc in the intensity of the multiplet
assigned 1o TeFy™, and a decrcasc in intensity of the resonance assigned to TeFCN™.  After warming the samplc
to room tempcrature (Figurc 22), the peak assigned 1o TcFgCN'™ had totally disappcared, while thosc assigned
to TeFg™ and TeF,™ had increased in intensity.

The production of TeF5™ and TcF;” anions upon warming of the sample, combined with the disappcarance
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Table 7. 13C, '%F, and 'Te NMR Data for Products Ohserved in the Reaction Between (CH4),N*TcF;™ and
(CH;),SiCN in CH4CN Solvent at 45 °C

Hceptacoordinated-Te(V1) Environments:

Nuclcus 8, ppm 13(1%F-125Te), Hz (1%F-123Te), H7
TeF, 9k 16.2 2883 2390
TeF,CN° 1%k 34.7 2896 -2
TcF, 125Te 326.1 2882
TeF,CN' 1251¢ 300.0 2890

Pcntacoordinatcd-Te(IV) Environmcents:

Nucleus O(A), ppm &X4). ppm 2!5‘9F“-19F=:), Hz
TcFy Y -18.8 -36.9 170

F-on-Si(1V) Environment:

Nuclcus 3, ppm L(%F-2si), Hz 33(H-1F), Hz
(CH;),SiF g -156.7 268 6.0
13C Environments:

Nuclcus & opm YH-3C), Hz 23(13C-19F), Hz
(CH;),SiF 3¢ -0.2 120 12.9
(CH5),SiCN B¢ 2 -
CH,CN B¢ 1.9 136
CH,CN Bc 118.7 b
(Ci,),N* e 55.5 144

a  Not observed duc 10 low intensity of signal.
b Too small 1o be resolved.
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Figure 19. The '*Te NMR spectrum (157.792 MHz) at 45 °C of the reaction mixture (CH,) N*TeF;
+ (CH,),SiCN in CH,CN after warming to -45 °C. (A) low gain; (B) high gain. Asterisks (*)
denote TeF,CN; crosses (1) denote TeF;".
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N(CH,),”
J /}ﬂ“ (CH,),SiF
- _
1 ! 1 | 1 A 1
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b3 (PPm from Si(CH;),)

CH,CN @

CH,CN
(CH,),N°

(CH,),SiF

! 1 | 1 1 l I
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S13 (PPm from Si(CHj),)

Figure 20. The *C NMR spectrum (125.759 MHz) at 45 °C of the rcaction mixture (CH;),N*TeF;
+ (CH,),SiCN in CH,CN after wamming to -45 °C. (A) low gain; (B) high gain.
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of thc TeF,CN" amon, suggests that TeFCN" is no' thcrmally stable, and that it readily decomposes above
-20 °C. The Te-CN bond is believed to be relatively weak duc to the large ionic character of the bond. The
CN ligand is rcadily oxidizable to the parent pseudohalogen cyanogen, and thus, there can be electron transfer
from Te(VI) to the CN ligand. The decomposition of the TeFgCN™ anion is believed to procecd according to
cquation (21), although the obscrvation of cyanogen, which would confirm this pathway, would probably require
13C cnrichment and subsequent 13C NMR characterization since no uncquivocal assignment of cyanogen could

bc made in the nawral abundance 1°C spectrum.

2TcFCN" ————» TeF; + TeF.” + (CN), 3}

The obscrvation of a binomial scplet in the 123Te NMR spectrum suggests that, by analogy with the TeF
anion, the TcFgCN™ anion is also fluxional on the NMR ume scale. The expected geometry of TeF CN” is given

in Figurc 23.

PREPARATION OF TcF.CN

Although TcFsCN had not becen reported, it was thought that this species might be a uscful precursor in
a higher yicld preparation of the TcF,CN™ anion. The first chalcogen to form a stable MFsCN compound was
sultfur, with SFsCN being prepared in 1989,83 while the selenium analog is still unknown. Pentafluorosulfur
cyanidc was preparcd, in a5 % yield, by fluorinating (SCN), in CLFCCCIF, with dilutc F, (F, : N, =
1:10) at -20 °C 10 producc a product mixture which was then condensed into a 2 M KOH solution at room
icmpcraturce in order to scparatc the desired product.

The '9F NMR spectra of the products of the reaction between TeF and (CH;),SiCN were recorded in both
CH;CN and SO,CIF solvents, while the 125Te NMR spectra were recorded only in SO,CIF solvent. The 19¢
NMR spectra of the reaction products in CH;CN solvent were recorded after warming the sample successively
from -196 (o -45, -22 °C, and finally to room temperature, whilc the spectra of the reaction products in SO,CIF
solvent were initially warmed to -45 °C and then to room temperature. The 125Te NMR sampl~ was trcatcd
similarly. After cach warming, the samgle was cooled 1o 45 °C, and the spectra run at 45 °C. Samples using
SO,CIF as the solvent showed no colour changes upon warming from -196 °C to room temperature; similarly
the CH,CN samples were also colourless throughout the serics of warmings.

The 'F NMR spectra of the reaction products, in CH4CN solvent, after warming to 45 °C showed only




F =
F—/ / \Te/ \—-F
e
Csv

Z0




S5
a singlct with flanking satcllites, in the octahedraily coordinated Te(VI) region, at -50.6 ppm (Figure 24). This
resonance was duc 1o TeFg, as established by comparison with the literature values and prior results. Upon
warming o -22 °C for 4 minutes an additional weak singlet appcared at -55.7 ppm, also in the octahedrally
coordinatcd Te(VI) region, which was slightly broadened (Av, = 371 Hz) and at higher frequency relative to
the TcFg resonance (Figure 25). In addition, there was a resonance with satcllites in the F-on-Si(IV) region,
which was attributed to (CH,),SiF, as determined in previous samples. Afier warming briefly to 0 °C, then to
room Icmperature for 45 minules, the resonance at -55.7 ppm had increased in intensity and now displayed 1251¢
satcllitcs (Figures 26 and 27). The resonance in the F-on-Si(IV) region also incrcased in intensity.
The broadened resonance was tentatively attributed to the new mono-cyano substituted specics TeFsCN. The
chemical shifts and coupling constants for these two species are lisied in Table 8. The reaction 10 form TeFsCN

procceded according 10 reaction (22)

TeF, + (CH),SICN — 55— TeFsCN + (CHy),SiF (22)

According to integrated I%F NMR data, at room temperature, TeFsCN was produced in ca. 8 % yield. The
obscrvation of a broadcned rcsonance in the Te(VI) region indicates that TeFsCN is either fluxional, or
cxchanging, on thc NMR time scale. It is not common for octahedral moleculcs to be fluxional on the NMR
timescalc, but Te(VI) compounds can readily form heptacoordinated species, as demonstrated by the syntheses
of TcFy 2 and TcF¢CN’ in this work. Presumably, the CH;CN solvent, which is quite a strong donor solvent,
can form a labilc adduct with TeF;CN (reaction 23), and thereby enter into the coordination sphere of Te(VI),

inducing an intramolecular fluorine exchange among the ligand sites.

FsTcCN + CH,CN: [FsTe(CN)(NCCHs)] o 23)

The '°F and 1%°Te NMR spectra of the reaction products, in SO,CIF solvent, which is less polar cc;mpamd
with CH;CN, showed that no rcaction took place, neither upon warming to 45 °C, nor upon warming to room
tcmperature for 2 hours; only TeFy was present in the octahedrally coordinated Te(VI) region. The solubilitics
of (CH;);SiCN and TeFg in SO,CIF were good, but even so no rcaction was detected. Therefore, thesc results
indicatc that the rcaction of (CH3);SICN with TeFg to give TeFsCN was solvent assisted by CH;CN

coordination. The cxpected geometry of TeFsCN is given in Figure 29.
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Tabic 8. 'F NMR Data for Products Observed in the Reaction Between TeF and
(CH;),SiCN in CH;CN Solvent at 45 °C

Hcxacoordinated-Tc(V1) Environments:

8, opm 13(19F.1257e) Hz 1y(1%.13Te). Hz
TcF, -50.6 3754 3115
TcFsCN | -55.7 3801 -2
F-on-Si(1V) Environment:

3,_ppm 13929 Hz 33('H-19F). Hz
(CH),SiF -156.7 6.0 268

a Too wcak to be observed.
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CONCLUSIONS AND FUTURE WORK

The 'F NMR spccira of the attempted preparation of Te(OTeFs),” showed that no reaction had occured
at cither -50 °C or 0°C, whilc the '>F NMR spectra of the allempied preparation of TeF,(OTeFs)5” showed only
ligand exchange at -50 °C and 25 °C, producing a variety of pentacoordinated Te(IV) anions. The !°F NMR
data for the attcmpted preparation of TeF5(OTeFs),” suggest that there was oxidative-addition of OTeF ligands
o TcFs', forming a labile heptacoordinated anion which decomposed to octahedrally coordinated Te(VI) specics
at -50 °C. All three preparations were attempted in SO,CIF solvent.

The aticmptcd preparations of heptacoordinated OTeFs-substituted analogs of TeF,™ have been unsuccessful,
both by oxidative- and non-oxidative ligand transfer. An OTeFs-substituted analog of TeF,” would be expecied
to exhibit intramolccular ligand exchange and possess a pentagonal bipyramidal gcometry, as does TeF, . It is
hypothesized that duce 1o the steric bulk of the OTeF; ligand, a heptacoordinated Te(VI) anion with OTeF;-
substitution would become labile upon pseudorotation of the bulky OTeF; ligand into the equatorial plane.

The preparation of TeFGOCF3‘ was abandoned duc to difficulty in preparing the precursor TeFsOCF;; two ‘
aucmpts 10 preparc TcFsOCF; failed, including an atiempt 10 oxidatively add CF30F to TeF,.

The unstable TeFgCN" anion was produced in ca. 3.5 % yicld by combining togecther TeF;  and
(CH3)3SiCN in CH;CN solvent at -45 °C. At1-20 °C the anion began to decompose, yiclding Te(IV) and Te(VI)
products; the decomposition was complete upon warming (o0 room temperature. The 196.123Te and 12Te-1%F
coupling constants derived from 19F and 1Te NMR daa, respectively, were in good agreement with each other,
and also in good agrcement with the TeF,; anion. In addition, the chemical shifts for the resonance autributed
to TeF,CN were located in the heptacoordinated Te(VI) region in both the °F and 2Te NMR spectra.

In order to increase the yield éf TeF¢CN’, the logical precursor, TeFsCN, was prcpared. [Initial
observations indicate that this species was produced in ca. 8 % yield by reaction between TeFg and (CH;);SiCN
in CH,CN solvent. The reaction proceeded initally at -22 °C but was facilitated by warming to room
icmperature.  The reaction scems to be facilitated by coordination with the CH;CN solvent, since similar
preparations using SO,CIF solvent produced no reaction even though the solubilities of the reactants in SO,CIF
were cxcelient.  The ability of octahedral TeFy to form heptacoordinated species is established, for TcF;™ has .

been well characterized.
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Fuwrce work could entail applying the method of preparing TeF(CN™ 10 attempung the preparation of
TeFgNCO and TeF¢N; by usc of (CH;);SINCO and (CH3);SiN;. The preparation of TeFsCN needs to be
further ¢lucidated in order o optimize yiclds, and afford sufficient material to enable 1solation of the pure
substance. The pure TeFsCN could then be utilized in the preparation of TeFCN'. Further 13C NMR studies
nced 10 be underaken in order to confimm the proposed deccomposition route of TeF(CN' to cyanogen upon
warming to room tcmperaturc.  Since CF30TeF; is difficult to prepare in good yicld, atlempts at preparating
CF30TcF, arc not casily facilitaicd. However, the analogous C,FsOTeF4 can be prepared in quantitative yield*

and, therefore, the synthesis of C,FsOTcF' is plausibic and should be auempted.
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PART VIII
THE PF,” ANION AND ITS HYDROLYTIC BEHAVIOR




— —

Previous unsuccessful attempts to synthesize the PF, anion had lead to the behef that this
species did not exist. In collaboration with Dr. K.O. Christe and Dr. W.W. Wilson at Rocketdyne,
we have now prepared and characterized a salt containing the PF,” anion for the first ime. The
salt N(CH,),"PF, can be prepared in quantitative yield by the reaction of N(CH,),'F with excess
PF, in CH,CN solvent. The anion has been characterized by vibrational and "’F and *'P NMR

spectroscopy.

3P anc F NMR Spectroscopy of the PF,” Anion

The *'P NMR spectrum of N(CH,),*PF,” in CH,CN at -40 °C reveals a broad singlet (Av,,
= 163 Hz) at & = 42.3 ppm. The lack of fine structure indicates that the PF, anion undergoes
relatively fast intermolecular exchange under these conditions. However, when a 1.5 molar excess
of N(CH,),’F is added to the sample, the intermolecular exchange is slowed down and the *'P
NMR spectrum at -46 °C (Figure 1) reveals a triplet of triplets at & = 40.5 ppm. This is in
accordance with the pseudo-trigonal bipyramidal structure expected for PF, and in agreement
with the structure predicted by the VSEPR model for an AX,E type molecule.! The coupling
pattern arises from the coupling of the phosphorus to the two inequivalent sets of fluorine
ligands: 'JC'P-F,,) = 660 Hz and 'J(*'P-"’F,;) = 1405 Hz. The intensity pattern in the observed
triplet of triplets is rather unusual in that six of the inner lines of the multiplet are broader than
the cenﬁal and two outer lines. This pattern is indicative of the PF, anion undergoing an
intramolecular ligand exchange process in which both equatorial and axial ligands interchange

at the same time.? In order to confirm this, a series of variable temperature *'P NMR spectra were
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obtained over the range -46 to 21 °C (Figure 2). The observed changes in the multiplet pattern
on going to progressively higher temperatures are analogous to those found in the XPF, series
of molecules (where X = N(CH;),, Cl or CH,)’ and are consistent with a mechanism in which
both equatorial and axial ligands interchange simultaneously; not one in which one axial and one
equatorial ligand interchange, while the other equatorial and axial ligands remain in their
positions.*> The *P NMR spectra measured at the highest temperatures reveal significant
broadening of the multiplet components as a result of intermolecular fluoride exchange and, in
addition, the samples turned orange in color due to attack of the excess F on the CH,CN
solvent.* The mechanism by which the intramolecular ligand exchange process occurs in the PF,’
anion may be the classical Berry pseudorotation mechanism, however it should noted that NMR
spectroscopy cannot distinguish between this and other mechanisms that result in the same
permutation of fluorine nuclei.** The rate constant has been determined at each temperature by
visual matching of the experimental spectrum with spectra generated by the DNMR 3 simulation
program’ for exchanging systems. The rate constant data obtained is summarized in .Tablc 1.
Using previously established equations® and an Eyring plot of the rate data (Figure 3), it was
possible to extract values of AH* and AS* as 43 £ 2 kJmol™” and -13 £ 2 JK'mol’, respectively.
These values compare well with values obtained for the intramolecular exchange process in the
isoelectronic SF, molecule (Table 2).”® The values obtained from variable temperature ’F NMR
studies on purified neat liquid and gaseous samples of SF, are regarded as the most reliable, since
they represent the highest AH* and most positive AS* values.® The other SF, samples yielded
smaller values for AH* and ﬁegative values for AS* which are thought to be due to the catalytic

effect of traces of HF leading to a smaller slope and a lower intercept on the graph.”® The
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somewhat low values of AH* and AS* obtained for PF, can also probably be ascribed to the
effects of intermolecular fluoride exchange.

The F NMR spectrum at -46 °C of N(CH,)'PF, in CH,CN containing a 2.3 molar
excess of N(CH,),’F shows, in addition to a signal due to excess F, resonances attributable to
PF,, POF, and PHF;. The latter two species comprised approximately 10 - 15% of the total
phosphorus in the sample and are thought to have arisen from the adventitious hydrolysis of the
PF, anion during synthesis or storage. The reactions giving rise to these hydrolysis products are
described in detail in a separate article.'® The resonances arising from the PF, anion (Figure 4)
comprise two doublets of triplets attributed to the axial (& = 9.3 ppm) and equatorial (3 = -46.7
ppm) fluorine ligand environments, in accord with the pseudo-trigonal bipyramidal structure for
PF,. The doublet splittings arise from the one-bond couplings 'J(*'P-*F,,) and 'J('P-"F,,) and
are in agreement with those measured from the *'P spectrum. The smaller triplet splittings arise
from *J(*F,,-F,,) = 108 Hz. The chemical shift assignments are based on the magnitudes of the
'JC'P-F) values for each resonance and simple MO considerations. The equatorial fluorine
ligands are regarded as being bonded to the phosphorus by 2-center 2-electron bonds, whereas
the two axial fluorine ligands are bonded to phosphorus by a weaker 3-center 4-electron bond.
As a result, the magnitude of 'J('P-’F,,) is expected to be greater than that of 'J(*'P-"F,,) and
thus the resonance at § = -46.7 ppm with the larger 'J(*'P-'°F) value can be assigned to the
equatorial fluorine ligands and the resonance at = 9.3 ppm with the smaller 'J(*'P-"F) value

can be assigned to the axial fluorine ligands. This is also in agreement with the X-ray crystal




Table 1. Exchange Rate Data Extracted from Variable-Temperature P NMR Spectra of

N(CH,),’PF, Dissolved in CH,CN Containing a 1.5 M Excess of N(CH,),’F.

T, K T!, k, k/T In(k/T)
K'x 10° s'x 10°
227 441 1.00 0.441 -0.82
233 4.29 1.60 0.687 -0.38
240 4.17 3.10 1.29 0.26
250 4.00 8.50 3.40 1.22
260 3.85 25.0 9.62 2.26
275 3.64 56.0 20.4 301
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Table 2. Enthalpies and Entropies of Activation for Intramolecular Exchange in PF, and SF;

Sample AH!/kJmol’! ASHIK 'mol’!
PF,/1.5 F in CH,CN 43.5 -13.1
SF, (gas) 37.3 41.4
SF, (gas)" 61.9 9.3
SF, (neat liquid) 40.8 -26.9
SF, (neat liquid)® 49.2 44
SF, in CFCl, 38.9 -30.6
SE, + SOF, in CFCl, 42.9 -16.9

* Data for SF, are taken from reference 8. ® Purified free of HF.
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structure of N(CH,),*PF," where it is found that the P-F,, bond length is shorter than the P-F,,

bond length.

NMR Sample Preparation

Samples for *P NMR spectroscopy were prepared in 9-mm o.d. FEP NMR tubes as
described previously." Typically, the N(CH,),'PF, (0.0782 g, ca. 0.7 mmol), containing 10 - 15%
N(CH,),"POF; and N(CH,),"PHF; as impurities, and N(CH;),"F (0.1023 g, 1.0983 mmol) were
weighed into the FEP tube in the dry box. The tube was closed with a Kel-F valve and attached
to a glass vacuum line. Anhydrous CH,CN (1.8 mL) was distilled in vacuo on to the solids at -
196 °C. The FEP tube was heat sealed under dynamic vacuum and stored at -196 °C until the
NMR spectra could be obtained. The 'F NMR samples were prepared in an analogous fashion
using 4-mm o.d. FEP NMR tubes and the following typical quantities: N(CH,),"PF, (0.0089 g,
0.083 mmol); N(CH,),’F (0.0215 g, 0.231 mmol) and CH,CN (0.25 mL). The sealed FEP sample
tubes were inserted into 10-mm or 5-mm thin-walled precision NMR tubes (Wilmad) before

being placed in the probe.

Nuclear Magnetic Resonance Spectroscopy

The *F and *’P NMR spectra were recorded unlocked (field drift <0.1 Hz h™) on a Bruker
AM-500 spectrometer equipped with an 11.744 T cryomagnet. Variable-temperature studies were
carried out by using a Bruker temperature controller. Temperatures were measured with a copper-
constantan thermocouple inserted directly into the sample region of the probe and were

considered accurate to 1 °C.

11




The "F spectra were obtained using a 5-mm combination 'H/**F probe operating at
470.599 MHz. The spectra were recorded in a 32 K memory. A spectral width setting of 50 kHz
was employed, yielding a data point resolution of 3.052 Hz/data point and an acquisition time
of 0.328 s. No relaxation delays were applied. Typically, 20,000 transients were accumulated. The
pulse width corresponding to a bulk magnetization tip angle, 6, of approximately 90° was equal
to 1 us. A line broadening parameter of 5 Hz was used in the exponential multiplication of the
free induction decays prior to Fourier transformation.

The *'P NMR spectra were obtained at 202.459 MHz by using a 10-mm broad-band VSP
probe tunable over the range 23-202 MHz. The spectra were recorded in a 16 K memory. The
spectral width setting was 29,412 Hz, which yielded a data point resolution of 3.590 Hz/data
point and an acquisition time of 0.278 s. Prior to Fourier transformation, the free induction decay
was zero-filled to 32 K of memory, giving a data point resolution of 1.795 Hz/data point. No
relaxation delays were applied. Typically 6000 - 20,000 transients were accumnulated. The pulse
width corresponding to a bulk magnetization tip angle, 6, of approximately 90° was equal to 2.5
us. Line broadening parameters of 5 - 15 Hz were applied in the exponential multiplication of
the free induction decay prior to Fourier transformation.

The spectra were referenced to neat external samples of CFCl, (*°F) and 85% H,PO, (*'P)
at ambient temperature. The chemical shift convention used is that a positive (negative) sign

signifies a chemical shift to high (low) frequency of the reference compound.
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Hydrolysis of the PF,; Anion

We have studied the hydrolysis of the novel PF, anion using H,O enriched in 'O in order
to enable the complete characterization of the products using 'O as well as P and 'F NMR
spectroscopy for the first time.

The *'P NMR spectrum of a sample containing equimolar quantities of N(CH,),*PF, and
H,O (oxygen composition: '°0, 35.4%; "0, 21.9%; '*0, 42.7%) in CH,CN at -45 °C is shown
1n Figure 5 »nd reveals five resonances. The two most intense resonances are assigned to HPO,F
(8 = 0.7 ppm; 'JC'P-'F) = 958 Hz; 'J(*'P-'H) = 667 Hz] and PHF [& = -140.2 ppm; '1'P-"F, )
= 732 Hz; 'JC'P-"F,) = 819 Hz; 'J('P-'H) = 941 Hz]. The two weaker resonances at high
frequency are assigned to POF, [8 = 125.8 ppm; 'J(*'P-"F) = 1221 Hz} and PF, [8 = 103.5 ppm;
'JC'P-'°F) = 1401 Hz) Although all the afnrrementioned anions have been reported previously,
the data were incomplete and the anions had not been fully characterized by multi-NMR
spectroscopy before. A very weak multiplet was also observed overlapping with the PHFy
resonance and could not be assigned unequivocally. However, since the resonance occurs in the
hexacoordinate P(V) region of the spectrum, it could arise from the HPF,(OH) anion which is

a proposed intermediate in the hydrolysis reaction. The main hydrolysis reaction occurring under

the conditions described above is represented by equation (5) as a disprorortionation.
2PF; + 2H,0 ——> HPO,F + PHFy + 2HF (5)
The POF, anion observed in the sample was found to be present in the original solid

N(CH,),'PF, used to prepare the NMR sample, and is thought to have arisen from a small

amount of adventitious hydrolysis during synthesis or storage. The O NMR spectrum (Figure

14




6) of the same sample at -36 °C displayed a broad .loublet [Av, = 76 Hz; & = 117 ppm; 'J("'O-
3P) = 131 Hz] assigned to the HPO,F anion. A resonance ascribable to POF, was not observed
since this species was already present in the N(CH,),"PF, and had not resulted from the
hydrolysis of PF,” with "O-enriched water.

When the *'P NMR spectrum was run at 30 °C, the hydrolysis was observed to have gone
to completion and all the PF, had disappeared (Figure 7). The resonance of POF, had become
somewhat more intense and now displayed O satellites. Each component of the doublet of
doublets (Figure 8) arising from HPO,F was now resolved into a "triplet” corresponding to the
16180 induced secondary isotope shifts for the three isotopomers HP'°O,F, HP'O'OF and
HP"Q,F. The isotope shift 'AP(**'®0) was measured as -0.035 ppm. In addition, each
component displayed well resolved, equal-intensity sextet satellites arising from coupling to 'O
[1=5/2; 'I(*'P-""0) = 146 Hz]. The O satellites are well-resolved at 30 °C owing to the slower
rate of quadrupolar relaxation of the ’O nucleus at higher temperatures. The spectrum also
reveals that the weak multiplet, which was partially obscured by the intense PHFs multiplet at -
36 °C, has disappeared on warming, thereby indicating that it might arise from the proposed
HPF,(OH) intermediate. It is hoped that the nature of this species will be better determined by
obtaining the '’F NMR spectrum of a new sample. The ’O NMR spectrum (Figure 9) of the
same sample at 30 °C s.hows two resonances: an intense doublet (8 = 131.8 ppm; 'J(*'O-*'P) =
144 Hz) assigned to HPO,F" and a weak doublet [8 = 191.4 ppm; 'J(""O-*'P) = 186 Hz] assigned
to POF, . Each component of the doublet resonance of HPO,F is further split into an overlapping
doublet (Figure 10) of doublets by the two-bond couplings to 'H and “F [?J("O-'H) = 12 Hz;

J("O-"F) = 12 Hz].
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The hydrolysis of N(CH,),*PF, with an equimolar quantity of '"'*O-enriched H,O in the
presence of a 2.5 molar excess of N(CH,),'F in CH,CN proceeds differently to the above
hydrolysis reaction. The *P NMR spectrum of this sample at -45 °C reveals three resonances
atributable to PF,, PHF; and POF, (Figure 11). The HPF, was present as an impurity in the
N(CH,),'PF, used to prepare the NMR sample. The triplet due to POF, was significantly more
intense than that in the sample of N(CH,),'"PF, in CH,CN alone; furthermore the resonance
exhibited a small "doublet” splitting due to the '*'*O secondary isotope shift, thereby providing
conclusive proof that the POF, had arisen from the hydrolysis of N(CH,),"PF, with the '"'*O-
enriched H,0. On warming the sample to -10 °C, the amount of POF; increased further and after
warming to room temperature complete hydrolysis of PF,” to POF, had taken place with the

N(CH,),*F acting to complex the HF produced according to equation (2).

PF, + H,0 + 2N(CH,);)F ————> POF, + 2N(CH,),'HF; )

The *'P NMR spectrum (Figure 12) of the sample at 30 °C shows two triplets ['JC'P-'’F) = 1183
Hz] ascribed to the two isotopomers P'*OF, and P'*OF, ['A*P(**'°0) = -0.068-ppm]. In addition,
each component of the triplet is flanked by equal-intensity sextet satellites arising from coupling
to '’0. These satellites are highly resolved ['J(*'P-'’O) = 189 Hz] and demonstrate that there is
a fortuitously small electric field gradient at the '’O nucleus and consequently the quadrupolar
relaxation of the O nucleus is very slow. Correspondingly, the 7O NMR spectrum (Figure 13)
displays a very sharp doublet [Av, = 5 Hz; 'J(*'P-'’0) = 189 Hz] at § = 211.9 ppm due to the

POF, anion. A weak resonance attributable to the HPO,F anion was observed at 6 = 137 ppm.
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Crystal Structure Determination of N(CH,) PF,

Crystal Growing. The purity of the starting material, N(CH,),'PF,’, was checked by *'P and "°F
NMR spectroscopy, and only small amounts of the hydrolysis products, i.e. HPO,F and POF,,
were observed. The crystals were obtained from a saturated solution of N(CH,),"PF,” at 50 °C in
acetonitrile in an FEP sample tube by allowing the sample to cool slowly to room temperature.
This was accomplished by placing the tube near the surface of a 2-L glass dewar filled with
warm water.

A first set of large transparent crystals was obtained when the solution was allowed to
stand over a warm bath for 24 hours. The crystals were square plates and grew as clusters.
Several of these crystals were mounted in 0.3 Lindemann glass capillaries. A second set of very
thin transparent crystals also grew as clusters and was obtained when the solution was allowed
to stand for only 8 hours. These crystals were mounted in 0.1 and 0.2 Lindemann glass
capillaries. Several crystals from each crop were studied by Raman spectroscopy and were shown
to contain only the PF,” anion.

A preliminary observation of the crystals under a polarized microscope revealed that some
of the thin and thick plates were single crystals. The crystal used in this study was a plate with

dimensions 0.3 x 0.3 x 0.05 mm.

Collection_and_Reduction _of X-Ray Data. The crystal was centered on a Syntex P2,

diffractometer. This crystal was a single crystal which only diffracted at low angles. Accurate cell
dimcnéions were determined at T = -100 °C from a least-squares refinement of the setting angles
(X, ¢ and 26) obtained from 14 accurately centered reflections (with 5.35° < 26 < 12.77°) chosen
from a variety of points in reciprocal space.

Integrated diffraction intensities were collected using a 6 - 20 scan technique with scan
rates varying from 1.5 to 14.65 °/min (in 26) and a scan range of + 0.6 ° so that the weaker
reflections were examined most slowly to minimize counting errors. The data were collected with
0<h<10,0<k<10 and 0 £1<6 and 3 < 26 < 40° using silver radiation monochromatized
with a graphite crystal (A = 0.56087 A). During data collection the intensities of the three
standard reflections were monitored every 97 reflections to check for crystal stability and

alignment; no decay was observed. A total of 472 reflections were collected out of which 10
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were standard reflections. A total of 270 unique reflections remained after averaging of equivalent
reflections of which 163 satisfied the condition I 2 2o(I) and were used for structure solution.
No decay was observed. These reflections exhibited systematic absences corresponding to 0 k 0
: k = 2n. An empirical absorption correction was applied to the data by using the ¢ scan method
(a9 = 10°), the indices of the principal face being 0 0 1. Corrections were made for Lorentz and

polarization effects.
Crystal Data. The compound, C,H,,NPF, (f, = 181.11 g mol’), crystallizes in the tetragonal
system, space group P42,m; a = 8.465(3) A, ¢ = 5.674(2) A; V =407 A% D, = 1.48 g cm™ for

Z = 2. Ag(K,) radiation (A = 0.56087 A, u (AgK,) = 1.8 cm") was used.

Solution and Refinement of the Structure. The XPREP program was used for determining the

correct cell and space group and first confirmed the original cell and that the lattice was
tetragonal primitive (R-int = 0.026). The three space groups which were consistent with the
systematic absences were the non-centrosymmetric space group P42m and the two
centrosymmetric space groups P42,2 and P4,2,2. The structure was shown to be non-
centrosymmetric by examination of the E-statistics (calc: 0.751, theor: 0.736) and consequently
the structure was solved in the space group P42,m. The solution was obtained by direct methods,
which located the positions of all atoms for both the anion and the cation. The carbon atoms were
located on general positions, while the phosphorus, the equatorial and axial fluorine atoms and
the nitrogen atoms were located on special positions, i.e., 2.mm, 2.mm, ..m and -4... The model
implied a two-fold disorder in the equatorial plane consisting of a superposition of two molecules
with identical P, axial F and one equatorial F position. Consequently, the site occupancy factors
of the remaining equatorial fluorine atoms were set equal to 0.25 instead of 0.50. The full matrix
least-squéres refinement of the positions and isotropic thermal parameters of all atoms gave a
conventional agreement index R (= XIFJ - IF] / XIF)) of 0.17. The introduction of
anisotropic thermal parameters for the P and N atoms produced a very slight change in the R
factor (0.14) and almost no change occurs by introducing anisotropic thermal parameters for the
carbon atoms and calculated values of the positions of the hydrogen atoms (R = 0.13). A

significant improvement in the structure was achieved by introducing anisotropic thermal
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parameters for all the fluorine atoms, dropping the R-factor to 4.8%. The introduction of a
weighting factor (weight = 1/6%(F) + 0.00283F?) gave a final solution with R = 4.7% (R, =
4.8%).

This solution was obtained with a small number of reflections and consequently the ratio
of the number of reflections over the number of parameters was rather small (4.5), and may have
had some impact on the final values of the structural parameters. At the moment we are waiting
for diffractometer time in order to obtain better data. The data will be recorded on the same
crystal using a diffractometer equipped with a Mo(K,) rotating anode so that weaker, higher
angle reflections can be recorded.

All calculations were performed on a 486 computer, using the SHELXTL PLUS

determination package for structure solution, refinement, structure determination and molecular

graphics.

X-Ray Crystal Structure of N(CH,),*PF,". Important bond lengths and anglcs for the PF,” anion
are listed in Table 3. The crystal structure consists of well-separated N(CH,),* a.d PF, ions in

which the anion displays a two-fold disorder in the equatorial plane (Figures 14a and 14b). The
geometric structure of the PF, anion can be described as a pseudo-trigonal bipyramida’ structure
with the lone electron pair occupying one equatorial position and the axial P-F bonds b ‘ng

longer than the equatorial P-F bonds (Figure 15). The structure is in agreement with the structure

predicted by the VSEPR model for an AX,E type molecule. It is interesting to note that




Table 3. Interatomuc distances (A) and Angles (deg) for N(CH,),’PF,, N(CH,),*PF,’,

NaPF,.H,0 and SF,.

N(CH,),"PF,

P-Fl(ax) 1.714 (1.725)"

-F2(eq) 1.496 (1.532)
-F3(eq) 1.372 (1.413)

F2-P-F3  108.2
F1-P-F1A 178.2
F1-P-F2 89.2
F1-P-F3 90.3

a. Corrected for libration

N(CH,),'PF,

P-Fl(ax) 1.591
-F2(ax) 1.585
-F3(eq) 1.569

F-P-F 90 or 180

29

NaPF,.H,0 SF,
P-F(ax) 1.73 S-F(ax) 1.646
-F(eq) 1.58 -F(eq) 1.545
F(,q)-S-F(,q) 101

FusyS-Fuy 173
F-P-F 90 or 180
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Figure 14.  (a) The structural units for N(CH,),"PF,” and (b) The unit cell of N(CH,),'PF,.
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Figure 15.
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View of the PF,” anion showing the two-fold disorder in the equatorial plane.
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the volume of the unit cell (V = 406 A’) is significantly smaller than that determined for
N(CH,),*PF, (V = 433 A’) at the same temperature.' It is generally accepted that the effective
volume of a lone pair is approximately the same as for a fluorine atom (ie., 20 A%’
Consequently, the expected volume difference between N(CH,),"PF; and N(CH,),'PF, should

be close to 20 A’ and is comparable to the observed difference of 27 A,

The axial bond lengths (1.725 A) are similar to those found in the PF, anion in NaPF,.H,0 (1.73
A)® where two sets of P-F bond lengths were found. The equatorial bond lengths are shorter than
expected even after correction for librational motion (Table 1). A more accurate correction will
be applied when a better data set becomes available. Also, and contrary to what was previously
observed in PBr,/PBr, and PCl,/PCl,, the equatorial bond lengths of PF, shorter than the P-F
bonds found in PF, (1.57 A).* The P-F2 equatorial bond length (1.532 A) is similar to the axial
bond lengths found in the PF, anion in both N(CH,),*PF (1.57 A) and NaPF,H,0 (1.58 A). The
P-F3 bond lengths arising from the two-fold positional disorder, even when corrected for
libration, are too short. In this structure, the two-fold positionally disordered fluorine atom (F3)
exhibits relatively large amplitude in its thermal motion (U, (F3) = 0.096 A?) despite the low
temperature at which the data set was collected. As cxpcctéd in such a case, the P-F3 bond
lengths, even corrected for libration, are too small. The F2-P-F3 angle (108.2°) can be compared
with the equivalent angle in the isoelectronic SF, molecule (F,,-S-F,, = 101°).° Similarly, the F1-
P-F1A angle (178°) is comparable to the F,-P-F,, angle (173°) in SF,. As expected, in both cases
the axial fluorines point toward the two equatorial F atoms owing to lone pair-axial fluorine bond
pair repulsions. In fact, the F,-P-F,, angle in PF, should be even smaller, but this angle is
probably related to a steric problem induced by the shortening of the P-F, bond length. The same
trend, but even more pronounced, has been observed in the PBr, anion® where the angle defined

by the axial fluorine atoms and Br actually point toward the lone electron pair.
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PART IX
LEAST COORDINATING ANIONS




The Group 5 (15) anions As(OTeF),, Sb(OTeF,), and Bi(OTeF;), have been prepared
and characterized in this laboratory previously by 'F, "As, '*Te, '*'Sb and **Bi NMR
spectroscopy. All of these anions are expected, unlike their fluorine analogs, AsF,, SbF, and
BiF,, to be weakly coordinating anions. For example, XeF'SbF, is strongly fluorine-bridged in
the solid state, i.e., F-Xe'---F-SbFy, whereas the cation and anion in the OTeF;-analog,
XeOTeF,'Sb(OTeF;),, are only weakly interacting. It is anticipated that these anions hold
considerable promise for the preparation of novel and unusual species by virtue of their weakly
coordinating natures. Toward this end, we have laid the groundwork attempt to protonate xenon
by carrying out reaction (1) in a solvent (Freon 114) having a proton affinity lower than that of

Xe.
Xe(OTeF), + Sb(OTeF,), + HOTeF;, ——— > HXe*'Sb(OTeF), 3)

We have now prepared and characterized the As(OTeF),, Sb(OTeFy), and Bi(OTeF),
anions as their tetra-alkylammonium salts using X-ray crystallography. These findings are
summarized in the present report:

These large weakly basic anions may also be useful in stabilizing the methyl analog,
XeCH,'. The XeH", XeCH,* and KrCH;" cations are spectroscopically well characterized in the
gas phase and the other NgH" cations are also stable gas phase species and one might anticipate
using these weakly coordinating anions to protonate lighter noble gases. The isolation of the first
salts of the heavy and light noble-gas cations, NgH" and NgCH,", could be of general interest to
the development and storage of monopropellants and fuels. In addition to their potential
applications, several of the proposed Te(VI) anions exhibit the coordination number seven, and
promise to exhibit novel geometries if they can be synthesized. As part of our proposal, we are
attempting to protonate xenon by carrying out reaction (1) in a solvent (Freon 114) having a

proton affinity lower than that of Xe.
Xe(OTeF;), + Sb(OTeF;); + HOTeF;, ——— > HXe'Sb(OTeF)¢ 3)

These large weakly basic anions may also be useful in stabilizing the methyl analog, XeCH;".

The XeH*, XeCH," and KrCH;" cations are spectroscopically well characterized in the gas phase




and the other NgH" cations are also stable gas phase species and one might anticipate using these
weakly coordinating anions to protonate lighter noble gases. The isolation of the first salts of the
heavy and light noble-gas cations, NgH" and NgCH,", could be of general interest to the
development and storage of monopropellants and fuels. In addition to their potential applications,
several of the proposed Te(VI) anions exhibit the coordination number seven, and promise to

exhibit novel geometries if they can be synthesized.

X-Ray Crystal Structures of N(CH,),'Bi(OTeF,;); (1), N(CH,);"As(OTeF,); (2) and
N(CH,CH,),"Sb(OTeFy); (3)

Important bond lengths and angles for the Bi(OTeF;), (1), As(OTeFs), (2) and
Sb(OTeF;), (3) anions, together with bond lengths and angles for the N(CH,)," (1) and (2) and
N(CH,CH,),* (3) cations are listed in Table 1. Details of the data collection parameters and other
crystallographic information for the respective P1, R3 and C2/c space groups are given in Table
I1. Figures 1, 2 and 3 show the environments around the Bi, As and Sb atoms, respectively.

N(CH,),’Bi(OTeF;), (1. The Acrystal structure consists of well separated N(CH,),” and
Bi(OTeF;), ions. The required crystallographic symmetry of the molecule is 1 with the central
bismuth atom on the inversion center, but the actual symmetry is approximately 3. While the
anion is perfectly ordered, the cation is subject to a positional disorder and gives rise 1o the
superposition of two cations in which the central N atoms occupy identical positions. Each cation
is tetrahedral with the expected bond lengths. The central bismuth atom of the anion is bonded
octahedrally to the six oxygen atoms and each of the six tellurium atoms octahedrally bonded to
an oxygen and five fluorines. Consequently, the structure can be described as composed of an
octahedron of octahedra. Average bond distances are Bi-O = 2.057(6) A (range 2.052(6) -
2.064(5) A), Te-O = 1.851(6) A (range 1.846(6) - 1.860(6) A) and Te-F = 1.820(7) A (Te-F,, =
1.822(7) A and Te-F,, = 1.819(7) A) with no correction for thermal motion. The angles around
the central Bi atoms and the tellurium atoms deviate by a maximum of 5° from the octahedral
angles. The angles at the three crystallographic independent oxygen atoms have approximately
the same value ranging from 135.3(3)° to 137.1(3)° (Table I). The Te-O and Te-F bond distances
are comparable to those found in many OTeF, compounds such as Te(OTeF,), (Te-O = 1.896(4)
A; Te-F = 1.817(4) A)' or B(OTeF;), (Te-O = 1.874(6) A; Te-F = 1.816(5) A).? Little or no




Figure 1: ORTEP view of N(CH,),”Bi(OTeF,),; thermal ellipsoids are shown at the 50%
probability level.
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information is available in the literature regarding Bi-O bond distances, and to our knowledge,
the Bi(OTeF;), anion is the first compound where a Bi(V)-O bond length has been determined.
Only very few examples of Bi(IlI)-O bonds are known. In fact, many of the known Bi(IIl)
compounds have Bi---O contacts which are greater than the sum of the van der Waals radii. The
compound BiO,(HO),(ClO,),.7TH,O with a mean Bi(Ill)-O bond length of 2.15(3) A, is the only
example available.’

N(CH,),"As(OTeF;)s (2) and N(CH;CH,),’Sb(OTeF;), (3). The crystal structures of the
title compounds consist of well separated anions and cations. The central arsenic atom lies on
the rotary inversion center and the molecule has 3 symmetry imposed on it by the lattice. For the
antimony compound, the required crystallographic symmetry of the anion is 2/m with the cental
antimony atom on the inversion center, but the actual symmetry is almost 3 as in the bismuth
compound. The cations have the expected bond lengths and angles (Table I). The central arsenic
and antimony atoms are bonded octahedrally to the six oxygen atoms of the OTeF; groups, which
are almost octahedral (Table I). The average bond distances are Sb-O = 1.89(2) A (range 1.87(2 -

1.91(2) A), Te-O = 1.73(2) A (range 1.71(2) - 1.75(2) A), Te-F = 1.73(3) A (Te-F,, = 1.75(2)
A and Te-F,, = 1.72(2) A) with no correction for thermal motion and the Sb-O-Te angle is
162.2(1.3)° (range 160(1) - 166(1)°). As previously observed in the case of the U(OTeF;),
molecule,' the fluorine atoms, but also the oxygen atoms have exceptionally large thermal
parameters showing the fluorotellurate groups are undergoing angular motions of large
amplitudes. Conséquemly, the Te-O and Te-F distances are significantly affected by this thermal
motion (see below for the values obtained after corrections for libration). However, the Sb-O
distances are less affected by this thermal motion, and indeed, the 1.89(2) A value found can be
compared with the Sb(V)-O distances of 1.92 Ain Cs,Sb,F,,0,,° and 1.91 A in Rb,(Sb,F,,0).°
where the Sb atoms are also octahedrally coordinated by O atoms.

For the arsenic compound, there are two crystallographically independent anions and
interestingly, the amplitudes of the oxygen and fluorine atom parameters are quite different. For
the anion which exhibits smaller thermal parameters, the average bond distances are As(2)-O(2)
= 1.80(1) A, Te(2)-0(2) = 1.858(7) A, Te(2)-F = 1.81(1) A (Te-F,, = 1.84(1) A and Te-F,, =
1.80(1) A) and the As(2)-O(2)-Te(2) angle is 139.7(6)° with no correction for thermal motion.
In the second anion, all the bond lengths are shorter [As(1)-O(1) = 1.74(4) A, Te(1)-0Q1) =
1.80(4) A, Te(1)-F = 1.78(2) A (Te-F,, = 1.81(2) A and Te-F,, = 1.78(2) A) and the angle As(1)-




O(1)-Te(1) is larger (151(2)°)]. The values obtained after correction for libration are discussed
below. The As-O bond lengths are comparable to normal As(V)-O bond lengths found in
M,(As,F,,0).H,0 (M = Rb: As-O = 1.75 A; M = K: As-O = 1.74 A),” and M,(As,F,0;) (M =
K: As-O = 1.816 A; M = Rb: As-O = 1.811 A; M = Cs: As-O = 1.790 A)f in which As is
hexacoordinated.

A standard rigid-body librational analysis was performed for all compounds. The
corrections were expected to be largest for the light atoms, but as a check, a calculation was also
carried out for the heavy atoms. Only munor corrections were obtained for the M-O distances,
the order of magnitude being about one estimated standard deviation.

As expected, for the bismuth anion and one of the arsenic anions, the corrections are not
significant (Table I). For the second arsenic anion and the antimony anion, the Te-O and Te-F
distances are significantly affected by thermal motion and, as expected, the librationally corrected
Te-O and Te-F bond distances are longer than the uncorrected distances (Table 1) and are
consistent with other known values.'?

In all structures, the Te-O distances [1.849(5), 1.858(7), 1.73(2)] are slightly longer than
the Te-F distances [1.820(7), 1.81(1), 1.73(x)], but the difference lies in the range of the standard
deviations and is not significant. The OTeF; anion is the only compound where the Te-O bond
[1.803 A] has been found significantly smaller than the Te-F bond [1.871 A).° As already
observed in many other structures containing the OTeF; moiety, the Te-F,, and Te-F,, bond
lengths are very similar. However, this seems to be true not only in the solid state, but also in
solution where the resonances associated with the F,, and F,; environments in the F NMR
spectra are generally very strongly coupled and exhibit severe second order effects.

One of the most interesting aspects of these three related anions is concerned with the
variations of the M-O bond lengths and the M-O-Te angles. As expected, the M-O bond values
increase in the order As-O < Sb-O < Bi-O [1.814 A < 1.929 A < 2.065 A}, and are in good
agreement with the sum of the ionic radii [As™ = 0.47 A, Sb™ = 0.62 A, Bi* = 0.74 A, O* =
1.40 A]."° However, and contrary to what had been speculated by Seppelt and co-workers,"" there
is no simple trend in the variation of the M-O-Te angle and, in fact, the Sb-O-Te angle is the
larger angle : Bi-O-Te < As-O-Te < Sb-O-Te.

In the bismuth compound, the closest anion-cation distance occurs between F7 and C2A

[2.77(3) A) and F14 and C4A [2.75(2) A] whereas the remaining closest F---C distances occur




at 3.228 (F4---C1), 3.134 (F10---C3) and 3.229 A (F5---C1). The sum of the van der Waals radii
o7 CH, (2.00 A)"® and F (135" - 1.40"* A) is 3.35 - 3.40 A. The F7---C2A and F14---C4A
distances consequently suggest a significant degree of hydrogen bonding between the C2A and
C4A methyl groups and F7 and Fi4 atoms.

In the arsenic and antimony compounds, the closest anion-cation distances occurs between
F4 and C! [3.243 A] and F7 and C4 [3.295 A), respectively, which are at the limit of the van
der Waals distance [3.35 - 3.40 A].

EXPERIMENTAL

Syntheses of N(CH,),"Bi(OTeF;), (1), N(CH;),".: s(OTeF;)e (2) and N(CE,CH,),"Sb(OTeF )¢
(3) and Crystal Growing. Compound (1). In the dry box, Bi(OTeF;), (0.4776 g, C.3407 mmol)
and N(CH,),*OTeF, (0.1078 g, 0.3447 mmol) were loaded into separate limbs of a two-limb
vessel equipped with J.Young stopcocks. The vessel was attached to a glass vacuum line and
SO,CIF solvent (ca. 5 mL) distilled in vacuo on to the Bi(OTeF;);s at -78 °C. The mixture was
allowed to warm to 0 °C and the resulting solution poured on to the N(CH,),*OTeF, in the other
limb. The reaction mixture was left stirring at room temperature overnight. A very pale yellow
solution containing a small amount of white insoluble material resulted. The solution was warmed
to 35 °C, however the white material remained insoluble. The pale yellow supernatant solution
was decanted into the other limb of the vessel. An equal volume of Freon 114 was distilled into
the limb containing the white solid. The Freon 114 vapor was allowed to diffuse into the SO,CIF
solution over a period of 48 hours. This resulted in the formation of clusters of large, pale yellow
crystals or prisms of N(CH,),'Bi(OTeF;), (0.3283g, 53.8%). The vessel was then transferred to
a dry box equipped with a microscope. The crystals were sealed in 0.3-0.4 mm Lindemann glass
capillaries and stored at room temperature prior to mounting on the diffractometer. A preliminary
observation of the sealed crystals under a polarizing microscope revealed that most of them were
single crystals.

Compound (2). The As(OTeF;), (0.9050 g, 0.7138 mmol) and N(CH,),"OTeF, (0.2238
g, 0.7158 mmol) were loaded into separate limbs of a two-limb Pyrex vessel equipped with
J.Young stopcocks in the dry box. The vessel was attached to a glass vacuum line and SO,CIF

(ca. 4 mL) distilled on to the As(OTeF;)s at -78 °C. On warming to room temperature, the




As(OTeF;), dissolved in the SO,CIF and the resulting solution was then poured on to the
N(CH,),"OTeF,. The other limb was rinsed three times with SO,CIF in order to ensure that all
the As(OTeF;); had transferred. The N(CH,),"OTeF; rapidly dissolved giving a clear coloriess
solution. Freon 114 was distilled in vacuo into the empty limb of the vessel while keeping the
stopcock between the two limbs closed. When the Freon 114 had warmed to room temperature,
the interconnecting stopcock was opened, allowing the Freon 114 vapor to diffuse into the
SO,CIF solution. Clusters of large colorless plate-like crystals as well as isolated cubic prisms
formed over a period of 24 hours. The supernatant liquid comprised two layers which were
decanted away from the crystals. The latter were rinsed with Freon 114 and pumped dry in
dynamic vacuum (0.6760 g, 60%) before being transfered in a dry box. Some of the crystals were
cut with a scalpel and mounted in 0.3, 0.4 and 0.5 mm Lindemann glass capillaries and stored
at room temperature prior to mounting on the d:ffractometer since they proved to undergo a
phase transition when kept at -65 °C. The crystal used in this study was a thick plate with
dimensions 0.2 x 0.5 x 0.55 mm.

Compound (3). Freshly sublimed Sb(OTeF;), (2.0974 g, 2.5043 mmol) was loaded into
one limb of a two-limbed vessel equipped with J.Young stopcocks. The N(CH,CH,),"OTeFy
(0.9314 g, 2.5252 mmol) was added on top of the Sb(OTeF;),. Into the empty limb of the vessel,
Xe(OTeF;), (1.5553 g, 2.5561 mmol) was added. The vessel was removed from the dry box and
attached to a glass vacuum line. Sulphuryl chloride fluoride (ca. 5 mL) was distined in vacuo on
to the Sb(OTeF;),/N(CH,CH,),"OTeF, mixture at -78 °C. The solids dissolved on warming to
room temperature giving a clear colorless solution of N(CH,CH,),*Sb(OTeF;),. The SO,CIF was
distilled off the N(CH,CH,),"Sb(OTeF,),” and condensed on to the Xe(OTeF;), at -78 °C. The
Xe(OTeF,), dissolved in the SO,CIF; this solution was poured through the side arm on to the
N(CH,CH,),*Sb(OTeF;), held at -78 °C. On warming the mixture to 0 °C, evolution of Xe gas
was observed and a clear colorless solution resulted. The solution was allowed to warm to room
temperature and the SO,CIF slowly distilled off until a significant quantity of crystals had formed
and did not redissolve on agitating the mixture. The solution was warmed in order to redissolve
the crystalline material and then allowed to stand at room temperature for 48 hours. A crop of
hexagonal plates was obtained, but they proved to be unsuitable for an X-ray crystallography
study. Consequently, the mother liquor was decanted off and the crystals were redissolved in a

small quantity of fresh SO,CIF (ca. 1 mL). Freon 114 (ca. 1 mL) was carefully distilled on top




of the SO,CIF solution at 0 °C. The two-phase system was allowed to stand at room temperature
for 48 hours resulting in the formation of large, colorless plate-like crystals of
N(CH,CH,),*Sb(OTeF;),; some of them presenting triangular edges. The solvents were drained
away from the crystals which were then pumped dry in dynamic vacuum. The crystals were
finally rinsced with a small amount of Freon 114 and dried in dynamic vacuum before being
ransferred in a dry box where they were mounted and sealed in 0.4 - 0.5 mm Lindemann glass
capillaries. The crystals were kept at room temperature prior to mounting on the diffractometer
since they appeared to undergo a phase transition when kept in solid dry ice. The crysuals,
observed under a polarizing microscope, appeared to be single or perfectly twined. The crystal

used in this study was triangular with dimensions 1.2 x 0.9 x 0.45 mm.

Crystal Structure Determination of N(CH,)'Bi(OTeF;), (1), N(CH,),*As(OTeF;),” (2) and
N(CH,CH,),*Sb(OTeF;), (3)

Collection and Reduction of X-Ray Data. All the crystals were centered on a Syntex P2,
diffractometer, using silver radiation monochromatized with a graphite crystal (A = 0.56086 A).
During data collection the intensities of three standard reflections were monitored every 97
reflections to check for crystal stability and alignment. The experimental values for the antimony
compound (3), when they differ from those of the bismuth one (1), are given in square brackets.
Accurate cell dimensions were determined at -62 °C [24 °C] from a least-squares refinement of
the setting argles (%, ¢ and 20) obtained from 25 [18] accurately centered reflections (with
21.09° {12.44°] < 20 < 35.23° [29.06°]) chosen from a variety of points in reciprocal space. The
examination of the peak profiles revealed single peaks. Integrated diffraction intensities were
collected using a 8 - 20 scan technique with scan rates varying from 1.5 to 14.65 °/min (in 26)
so that the weaker reflections were examined most slowly to minimize counting errors. The data
were collected with 0 [0] £ h <13 [12), -13 [0] £k £ 13 [20] and -14 [-22] <1 £ 14 [22] and
with 3° [3°] € 20 < 45° [35°]. For compound (1), the intensities of the standards changed
regulariv to about 89% of their original values during the course of the data collection; this
decomposition was later corrected by scaling the data linearly between each set of standards.
Only a 4.7% decay was observed for compound (3). A total of 4643 [5837]" reflections were

collected out of which 144 [180] were standard reflections. 4217 [2536] unique reflections
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remained after averaging of equivalent reflections. A total of 3610 [1660], satisfying the
condition 1 = 2.5 o(I), were used for structure solution.

For the arsenic compound (2), accurate cell dimensions were determined at 24 °C from
a least-squares refinement of the setting angles (¥, ¢ and 20) obtained from 22 accurately
centered reflections (with 14.54° < 26 < 29.36°) chosen from a variety of points in reciprocal
space. Integrated diffraction intensities were collected using an ® scan technique with scan rates
varying from 1.5 to 14.65 °/min (in 26). Data were collected in three steps, and only the
reflexions (-h+k+1=3n) were collected since the system was known to be rhombohedral R. In the
first step, the data were collected with 0 Sh < 13,0 <k £ 13 and 0 <1 < 68 and with 3° < 26
< 40°. When the system was confirmed to be trigonal, second and third set (in brackets) of data
were collected with 0 [0] £h <13 [13],-13[-13] <k <13 [0] and -68 [0] <1 <0 [68]. A decay
of 7% was observed for compound (2). A total of 7149 reflexions were collected out of which
225 were standard reflections. 2107 unique reflections remained after averaging of equivalent
reflections. A total of 1328 reflections, satisfying the condition I 2 2 o(I) were used for structure
solution.

For all three compounds, corrections were made for Lorentz and polarization effects.

Absorption corrections were applied by using the program DIFABS.*

Crystal Data. Compound (1) (f, = 1714.73 g mol™), crystallizes in the triclinic system, space
group P1; a = 8.945(2) A, b = 9.217(2) A, ¢ = 10.029(2) A, o = 100.03(3)°, B = 99.95(3)°, ¥ =
98.06(3)%, V = 789.5 A D, = 2.606 g cm”® for Z = 1. Ag(Ka) radiation (A = 0.56086 A,
u(AgKo) = 60.4 cm™) was used. Compound (2) (f, = 1580.67 g mol'"), crystallizes in the trigonal
system, space group R3; a = 10.109(2) A, c=55.443(18) A; V = 4907.0 A% D, =3.209 g cm?
for Z = 6. Ag(Ka) radiation (A = 0.56086 A, H(AgKa) = 34.2 cm™) was used. Compound 3) (f,,
= 1683.6 g mol’), crystallizes in the monoclinic system, space group C2/c; a = 10.506(3) A b
= 18.370(6) A, ¢ = 20.352(7) A, B = 91.23(2)°; V = 3926.9 A% D_, = 2.848 g cm™ for Z = 4.
Ag(Ka) radiation (A = 0.56086 A, w(AgKa) = 27.7 cm) was used.

Solution and Refinement of the Structures. Compound (1). The program XPREP"® was used

for determining the correct cell and space group and confirmed that the lattice was triclinic

primitive (R-int = 0.018). The structure was shown to be centrosymmetric by an examination of
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the E-statistics (calc., 0.875, theor., 0.968), and consequeniy the structure was solved in the
space group P1. A first solution was obtained without absorption corrections and it was achieved
by direct methods which located the positions of the bismuth and tellurium atoms on special (d1)
and general positions, respectively. The full matrix least-squares refinement of the bismuth and
tellurium atom positions and isotropic thermal parameters gave a conventional agreement index
R (=XIF) - FVXF)) of 0.165. A difference Fourier synthesis revealed the remaining
oxygen and fluorine atoms of the anion (both on general positions), as well as the nitrogen and
carbon atoms of the cation on special (g1) and general positions, respectively. The presence of
the carbon atoms on general positions implied a positional disorder of the cation and
consequently the site occupancy factors (s.0.f.) of the carbon atoms were set equal to 0.5 instead
of 1.00. Refinement of positional and isotropic temperature parameters for all atoms converged
at R = 0.109. A significant improvement of the structure was achieved by introducing anisotropic
positions for the hydrogen atoms (d(C-H) = 0.96 A, UH) fixed to 0.08, s.o.f. fixed to 0.5),
reducing R to 0.046. The structure was solved a second time using data that had been corrected
empirically for absorption. The initial model used the atomic coordinates and isotropic thermal
parameters defined previously for the Bi, Te, O, F, N, C and H atoms. The solution obtained (R
= 0.094) indicated a small improvement over that obtained without absorption corrections (R =
0.109). The final refinement was obtained by introducing a weight factor (w = 1/6*%(F) +
0.0022660F*) and an isotropic correction for secondary extinction, and gave rise to a residual,
R, of 0.0456 (R, = 0.0516). In the final difference map, the maximum and the minimum electron
densities were 3.52 and -2.22 eA>.

Compound (2). The program XPREP"® was used for determining the correct cell and space
group and confirmed that the lattice was trigonal (R-int = 0.059). The two space groups, which
were consistent with the systematic absences, were the centrosymmetric R3 and the chiral R3
space groups. The structure was shown to be centrosymmetric by an examination of the E-
statistics (calc., 0.993, theor., 0.968), and consequently the structure was solved in the space
group R3. A first solution was obtained without absorption corrections and it was achieved by
using the Patterson function which located the arsenic and nitrogen atoms on special, a3 (Asl)
and b3 (As2) and c3 (N), respectively, and the tellurium atoms on general positions. The full
matrix least-squares refinement of the arsenic, tellurium and nitrogen atom positions and isotropic

thermal parameters gave a conventional agreement index R of 0.228. Successive difference
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Fourier syntheses revealed the positions of one carbon atom and all the remaining oxygen and
fluorine atoms on general positions as well as that of the other carbon atom on the special
position (c3). Refinement of positional and isotropic temperature parameters for all atoms (the
calculated positions for the hydrogen atoms with d(C-H) = 0.96 A, U(H) fixed to 0.08 were also
introduced) converged at R = 0.135, and revealed somewhat large thermal parameters for the
oxygen and fluorine atoms associated with one of the anions. The structure was considerably
improved by introducing anisotropic thermal parameters for the As, Te, O and N atoms, giving
a residual R of 0.0768. The structure was solved a second time using data that had been corrected
empirically for absorption. The initial model used the atomic coordinates and isotropic thermal
parameters defined previously for the Sb, Te, O, F, N, C and H atoms. The final refinement was
obtained by introducing a weight factor (w = 1/6*(F) + 0.000689F>) and gave rise to a residual,
R, of 0.0559 (R, = 0.0605). In the final difference map, the maximum and the minimum electron
densities were 1.28 and -1.02 eA’. '

Compound (3). The program XPREP"® was used for determining the correct cell and space
group and confirmed that the lattice was monoclinic C (R-int = 0.022). The two space groups,
which were consistent with the sy'stematic absences, were the centrosymmetric C2/c and the non-
centrosymmetric Cc space groups. The structure was shown to be centrosymmetric by an
examination of the E-statistics (calc., 0.907, theor., 0.968), and consequently the structure was
solved in the space group C2/c. A first solution was obtained without absorption corrections and
it was achieved by direct methods which located the positions of the antimony and tellurium
atoms on special (al) and general positions, respectively. The full matrix least-squares refinement
of the antimony and tellurium atom positions and isotropic thermal parameters gave a
conventional agreement index R of 0.215. Successive difference Fourier syntheses revealed the
positions of all the remaining oxygen, ‘ﬂuorine and carbon atoms on general positions as well as
that of the nitrogen atom on the special position (e2). Refinement of positional and isotropic
temperature parameters for all atoms converged at R = 0.162. Introduction of anisotropic thermal
parameters for all the atoms markedly improved the crystallographic residual, since the
anisotropies of all the light atoms as well as tellurium atom were very large (Table xx), reducing
R to 0.0528 (the calculated positions for the hydrogen atoms (d(C-H) = 0.96 A, UH) fixed to
0.10) were also included). The anisotropies of the carbon atoms were also high. The final

refinement was obtained by introducing a weight factor (w = 1/6*(F) + 0.000876F°) and gave rise
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to a residual, R, of 0.055 (R, = 0.062). In the final difference map, the maximum and the
minimum electron densities were 0.95 and -0.55 eA’.

All calculations were performed on a 486 personal computer using the SHELXTL PLUS™
(Sheldrick, 1990)'* determination package for structure solution and refinement as well as

structure determination molecular graphics.
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Table 1.

Bi-O(1)
Bi-O(2)
Bi-0(3)
Te(1)-0(1)
Te(2)-0(2)
Te(3)-0(3)
Te(1)-F(1)
F2)
FG3)
“F(4)
-F(5)
Te(2)-F(6)
-F(7)
-F(8)
-F(9)
-F(10)

Bond Lengths and Bond Angles in N(CH,),"Bi(OTeFy), (1), N(CH,)," As(OTeF;),

(2) and N(CH,CH,),"Sb(OTeFy), (3).

i)
2.052(6)
2.054(6)
2.064(5)
1.848(5)
1.860(6)
1.846(6)
1.815(6)
1.826(7)
1.826(7)
1.824(7)
1.818(6)
1.815(7)
1.825(7)
1.819(9)
1.818(6)
1.818(7)

(*)

2.058
2.066
2.072
1.854
1.864
1.852
1.826
1.840
1.838
1.838
1.824
1.833
1.844
1.837
1.836
1.822

Bond Lengths (A)

16

Sb-0O(1)
Sb-0(2)
Sb-O(3)
Tg( 1)-0(1)
Te(2)-0(2)
Te(3)-0(3)
Te(1)-F(1)
-F(2)
-F(3)
F(4)
-F(5)
Te(2)-F(6)
-F(7)
-F(8)
-F(9)
-F(10)

@)
1.91Q2)
1.87(2)
1.89(2)
1.72(2)
1.75(2)
1.71(2)
1.70(3)
1.75(2)
1.70(2)
1.79(3)
1.68(3)
1.773)
1.61(2)
1.79Q2)
1.77(2)
1.79(2)

(*)

1.960
1.900
1.927
1.746
1.770
1.720
1.862
1.881
1.846
1.833
1.817
1.790
1.657
1.857
1.831
1.852




Table 1. Continued

Te(3)-F(1!)
-F(12)
-F(13)
-F(14)
-F(15)

Mean Te-F

N-C(1)
N-C(2)
N-C(3)
N-C(4)

o))
1.807(7)
1.819(5)
1.814(7)
1.824(6)
1.830(8)
1.820(7)

1.53(3)
1.46(2)
1.63(4)
1.35(2)

(*)

1.821
1.835
1.828
1.840
1.836
1.833
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Te(3)-F(11)
-F(12)
-F(13)
-F(14)
-F(15)

Mean Te-F

N-C(1)
N-C(3)

C(1)-C(2)
C(B3)-C4)

2

1.72(2)
1.74(2)
1.68(2)
1.62(3)
1.77(2)
1.73(x)

1.50(3)
1.45(2)
1.38(4)
1.58(3)

(*)

1.837
1.872
1.802
1.734
1.795
1.818




Table 1. Continued

As(1)-0O(1)

Te(1)-0(1)
-F(1)
-F(2)
-F(3)
-F(4)
-F(5)

Mean Te-F

N(1)-C(1)
N(1)-C(2)

@
1.74(4)
1.80(4)
1.76(3)
1.76(1)
1.83(2)
1.75(2)
1.81(2)
1.78(2)

1.45(2)
1.56(5)

(*)

1.739
1.800
1.791
1.805
1.870
1.794
1.814
1.815
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As(2)-0(2)

Te(2)-0(2)
-F(6)
-F(7)
-F(8)
-F(9)
-F(10)

Mean Te-F

&)
1.80(1)
1.858(7)
1.82(1)
1.80(1)
1.81(2)
1.78(1)
1.84(1)
1.81(1)

*)

1.814
1.865
1.857
1.834
1.843
1.817
1.845
1.839




Table 1. Continued

Bi-O(1)-Te(1)
O(1)-Bi-O(2)
O(1)-Te(1)-F(1)
-F(2)
-F(3)
-F(4)
-F(5)
F(5)-Te(1)-F(1)
-F(2)
-F(3)
-F(4)
F(1)-Te(1)-F(2)
F(2)-Te(1)-F(3)
F(3)-Te(1)-F(4)
F(4)-Te(1)-F(1)
C(1)-N-C(2)
C(2)-N-C(3A)

137.1(3)

89.4(2)
91.1(2)
93.8(3)
94.1(3)
92.03)
178.9(3)
88.0(3)
86.9(3)
86.8(3)
87.4(3)
90.6(3)
89.0.)
91.5(3)
88.4(3)
105(2)
104(1)

Bond Angles (°) in (1)

Bi-O(2)-Te(2) 135.7(3)
0(2)-Bi-0(3) 89.7(2)
0(2)-Te(2)-F6) 94.6(3)
-F(7) 91.3(3)
-F(8) 89.8(3)
-F(9) 94.03)
-F(10) 177.6(3)
F(10)-Te(2)-E(6) 87.0(3)
-F(7) 86.9(4)
-F(8) 88.7(4)
-F9) 87.7(3)
F(6)-Te(2)-F(7) 89.8(3)
F(7)-Te(2)-F(8) 90.4(4)
F(8)-Te(2)-F(9) 89.0(4)
F(9)-Te(2)-F(6) 90.4(3)
C(1)-N-C(3A)  105(2)
C(2)-N-C(4A) 118(1)
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Bi-O(3)-Te(3) 135.3(3)
O(1)-Bi-O(3) 90.0(2)
0O(3)-Te(3)-F(11) 91.3(3)
-F(12) 95.1(3)
-F(13) 93.4(3)
-F(14) 89.0(3)
-F(15) 177.3(3)
F(15)-Te(3)-F(11) 88.0(3)
-F(12) 87.5(3)
-F(13) 87.3(3)
-F(14) 88.3(3)
F(11)-Te(3)-F(12) 90.%(3)
F(12)-Te(3)-F(13) 90.4(3)
F(13)-Te(3)-F(14) 89.2(3)
F(14)-Te(3)-F(11) 89.2(3)
C(1)-N-C(1A)  114(1)
C(3A)-N-C(4A) 110(1)




Table 1. Continued
Bond Angles (°) in (2)

As(1)-0O(1)-Te(1) 151(2) As(2)-0(2)-Te(2) 139.7(6)
O(1)-Te(1)-F(5) 171.2(9) 0O(2)-Te(2)-F(10) 175.1(5)
-F(1) 91(1) -F(6) 93.4(4)
-F(2) 102(1) -F(6) 96.9(5)
-F(3) 97(1) -F(6) 88.3(5)
-F(4) 86(1) -F(6) 92.6(5)
F(5)-Te(1)-F(1) 89(1) F(10)-Te(2)-F(6) 86.3(5)
-F(1) 86.6(7) -F(6) 88.0(5)
-K1) 84.109) -F(6) 86.8(6)
-F(1) 85.2(9) , -F(6) 88.0(5)
F(1)-Te(1)-F(2) 89.4(9) F(6)-Te(2)-F(7) 86.9(7)
-F(4) 93(1) -F(8) 89.9(7)
F(3)-Te(1)-F(2) 87.4(8) ' F(7)-Te(2)-F(9) 90.0(7)
-F(4) 90(1) F(8)-Te(1)-F(9) 92.7(8)
C(1)-N(1)-C(2) 106(1) C(1)-N(1)-C(1b) 113(1)

C(1)-N(1)-C(1a) 113(1)
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Table 1. Continued

Sb-O(1)-Te(1) 160.0(1.3)
O(1)-Sb-O(2)  88.4(9)
O(1)-Te(1)-F(1) 90.9(1.3)
-F(2) 96.1(1.0)
-F(3) 94.5(1.1)
-F(4) 86.2(1.3)
-F(5) 172.4(1.1)
F(5)-Te(1)-F(1) 83.3(1.6)
-F(2) 89.0(1.1)
-F(3) 91.7(1.4)
-F(4) 89.5(1.4)
F(1)-Te(1)-F(2) 90.5(1.5)
F(2)-Te(1)-F(3) 84.2(1.3)
F(3)-Te(1)-F(4) 88.6(1.7)
F(4)-Te(1)-F(1) 96.6(1.9)
C(1)-N-C(1A) 107.2(2.4)
C(3)-N-C(3A) 104.6(2.0)

Bond Angles (°) in (3)
Sb-O(1)-Te(1) 160.1(1.3)
0(2)-Sb-0(3) 90.6(9)
0(2)-Te(2)-F(6) 93.3(1.0)

-F(7) 92.7(1.0)
-F(8) 92.509)
-F9) 96.5(9)
-F(10) 177.9(1.0)
F(10)-Te(2)-F(6) 86.2(1.0)
-F(7) 89.4(1.0)
-F(8) 87.9(1.0)
-F(9) 81.5(9)
F(6)-Te(2)-F(7) 88.9(1.1)
F(7)-Te(2)-F(8) 94.3(1.1)
F(8)-Te(2)-F(9) 87.7(1.0)
F(9)-Te(2)-F(6) 88.2(1.0)
C(1)-N-C(3) 109.8(1.4)

Sb-O(1)-Te(1)  166.4(1.3)
O(1)-Sb-0(3)  88.1(9)
0(3)-Te(3)-F(11) 93. 12)
-F(12) 89.0(1.2)
-F(13) 95.5(1.2)
_F(14) 91.8(1.3)
-F(15) 175.9(1.1)
F(15)-Te(3)-F(11) 90.8(1.2)
-F(12) 89.3(1.3)
_F(13) 86.2(1.2)
_F(14) 84.4(1.4)
F(11)-Te(3)-F(12) 90.3(1.5)
F(12)-Te(3)-F(14) 86.8(1.7)
F(14)-Te(3)-F(13) 91.8(1.6)
F(13)-Te(3)-F(11) 90.7(1.4)
C(1)-N-C(3A)  112.8(1.4)

(") Distances after corrections for.thermal motion by the riding model.
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Table 11.

Summary of Crystal Data and Refinement Results for N(CH,),’Bi(OTeF;), (1),

N(CH,),*As(OTeFs), (2) and N(CH,CH,),"Sb(OTeFs), (3).

chemical formula

space group

a (A)

b (A)

¢ (A)

a ()

B

Y

V (AY)
molecules/unit cell
molecular wt (g mol™”)
calcd density (g cm™)
T (°C)

H(cm™)

A (A)

final agreement factors

@D

C,H,,NO,F,,Te,Bi
Pi

8.945(2)
9.217(2)
10.029(2)
100.03(3)
99.95(3)
98.06(3)
789.5

1

1714.7
3.606

-62

60.4
0.56086

R = 0.0456

R, = 0.0516

22

@)

3

C,H,,;NOF, TecAs  CyHyF3,NO,Te,Sb

R3
10.109(2)
10.109(2)
55.443(17)
90

90

120

4908

1580.7
3.209

24

34.2
0.56086

R = 0.0586

R, = 0.0647

C2/c
10.506(3)
18.370(6)
20.352(7)
90
91.23(2)
90

3926.9

1683.6
2.848

24

27.7
0.56086

R = 0.055

R, = 0.0618




PART X
'SF EXCHANGE STUDIES OF F, ACTIVATION BY
LEWIS ACIDS AND HYDROGEN FLUORIDE
®




Background of the Application of Fluorine-18 as a Radiotracer

Fluorine-18 has proven to be a powerful tool in inorganic chemistry and organic synthesis.
Its application to the field of nuclear medicine through the use of Positron Emission Tomography
(PET) has allowed image reconstruction to produce images of the brain with a typical spatial
resolution of a few millimeters.

Inorganic applications include the determination of labilities of element-fluorine bonds and
the identification of hypervalent reaction intermediates. The '*F containing precursors used in

exchange studies have included F,, NOF, HF, HF,".

Production and Decay of Fluorine-18

Until recently, '®F has been produced in our linear (van de Graaff) accelerator at
McMaster by means of the nuclear reaction *Ne(d,o)'®F. This method produces pure ['*F])-F,,
which provides specific activities and a radiochemical yields that are dependent upon the energy
of the deuteron beam and the target conditions. The ['°F]-F, produced within the target tends to
adhere to the walls of the target and therefore must be extracted from the target with the use of
F, carrier gas.

The method of '*F production used in the present work uses a cyclotron and the nuclear
reaction '*O(p,n)'®F. Within the cyclotron, H' ions are accelerated until they reach the desired
energy. They then pass through a strip of carbon foil which strips off two electrons producing
a proton beam which can be focused on the target.

Fluorine has five isotopes, four of which are found to be radioactive. Fluorine-20 and 21
are both B-emitters with 11 and 5 second half-lives, respectively. Fluorine-17 is a positron emitter
which decays to 1’0 in 66 seconds. Fluorine-18 is also a positron emitter decaying to '*O and
having a half-life of 110 minutes. The emitted positron has an energy of 0.64 MeV and will

1




immediately annihilate with an electron to emit two 0.511 MeV gamma rays in almost opposite
directions. It is believed that a certain amount of '’F may be produced within the target and can

usually be detected as a rapid drop in the initial activity.

Properties and Reactivity of OF,

The high pressures and elevated temperatures present within the target during the
irradiation produce oxygen radicals which can react with the fluorine atoms to produce oxygen
fluorides. Several oxygen fluorides are known and their properties and structures are well
characterized. The radicals OF- and O,F- will generally react with fluorine atoms to produce
the compounds OF, and O,F,. The formation of the higher, unstable oxygen fluorides, such as
O,F,, requires an electrical discharge at low temperatures. These compounds, with the exception
of OF,, readily decompose to O, and F, upon warming to ambient temperatures and therefore are
not factors in the present work. Oxygendifluoride is found to be thermally stable at room
temperature and therefore is suspected as a possible by-product in the formation of [*F]-F,. In
the present work, fluorine exchange with Lewis acids has been studied, therefore the impurity
['®F]-OF, and reactivity of OF, with Lewis acid species must also be considered.

It has been shown that OF, decomposes at high temperatures to F atoms and OF- radicals
and then to O, and F,, however, it is the radical species that most likely reacts with inorganic
compounds. At 200 °C and 250 atm., OF, and AsF; react in a 1:1 ratio to form the dioxygenyl
salt, O{ASFG'

4 OF, + 2 ASF; > 2 O,AsF + F, )

At ambient temperatures and pressures, however, a mixture of the two compounds is known to
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be stable with only a trace of the dioxygenyl salt is formed.

Lewis Acid Assisted Oxidation of Xenon at Low Temperatures

One of the main goals of the present work has been to gain some insight into the work
currently being done by Bartlett and coworkers at Berkeley and the activation of F, under low-
temperature and ambient conditions. It has been found that fluorine is a more potent oxidizer of

xenon in the presence of the Lewis acids AsF; and HF. This can be seen from the enthalpy

changes AH° ( € + %F. + AsF; > AsF, ) = -723 kJ mo!?, ~ompared to AH® (e + %F, —>
F ) =-259 kJ mol’. A mixwre of Xe, F, and liquid AsF, has been shown to react rapidly at -60
°C to produce the salt XeF'AsF, and, similarly, HF, F, and Xe react, although more slowly, in
the dark to form XeF,. These reactions were only found to take place when the Lewis acids, HF
and AsF,, were in the liquid phase, or when the reaction was carried out in WF; solvent. It was
also found that AsF;, Xe and F, reacted in anhydrous HF to form Xe,F;*AsF; and not XeF*AsF;,
and is most likely the result of the solvolytic action of HF.

2XeF AsF, + 2HF > HF AsF, + Xe,F,*AsF¢ (10)

None of the mixtures were found to interact in the gas phase, even under pressures as high as

10 atm.

Xenon difluoride is routinely prepared by exposing a mixture of xenon and fluorine to

ultraviolet light

hv

Xe + F, > XeF, 11)




and reacts with AsF in BrF or HF solvents to produce the salt XeF*AsF,

BrF/HF

XeF, + AsF; > XeF AsF, (12)

It has also been shown that the cation, Xe,F;*, can be formed by allowing XeF" to react with an

additional mole of XeF,, i.e., a 2 : 1 molar ratio of the reactants XeF, : AsF;

XeF, + XeF* > Xe,Fy (13)

XeF, + AsF; > Xe,F,'AsF  (14)

In the prior work of the group at Berkeley, ternary systems were studied. It would seem that the

Lewis acids are in some way activating the F-F bond of F, fluorine, while at the same time, the

xenon is acting as an electron donor, the result being a concerted interaction which breaks the .

F-F bond heterolytically.

Production of ['®F]-F, and Activity Measurements

Fluorine-18 as ['*F]-F, was produced using the nuclear re2ction '*O(p,n)'®F on the Siemens
RDS 112 Cyclotron in the Nuclear Medicine Department at McMaster University which produces
protons with an energy of 10 MeV. A thick targe: environment was used having target pressures
between 550 and 600 psi during irradiation. With 10 MeV protons, 150 mCi of activity was
produced per pA. The amount of activity actually extracted is dependent upon several factors
including the amount of carrier gas and the length of a second irradiation in the presence of °F,
carrier, both of which can be varied to maximize the yield of carried-added ['*F}-F,.

Initially the F, target was pressurized to 250 psi with ['*0}-O, gas (Isotech Inc., min. .




99.99% chemical purity). The target was then irradiated at a specific beam current and for a
predetermined length of time dependent on the quantity of activity desired. After the first
irradiation, the target was pumped off, swept once with Ne and then repressurized to 140 psi with
a 1% F, in Ne mixture. The target was further pressurized to 300 psi with 100% Ne and then
irradiated for 10 minutes at 10 A (EOB,). The recovery line was pumped and then the ['*F]-
F,/Ne mixture condensed into a 40 mL 304 stainless steel Whitey cylinder at -196 °C. The
number of moles of F, recovered from the target is calculated to be 0.074 mmol.

Acdvities were measured using a radioisotope calibrator Model CRC-12 manufactured by

Capintec Inc. having a reported efficiency of 97%.

Preparation of [**F]-HF

Fluorine-18 labelied HF was prepared by condensing a Ne/['*F}-F, mixture into a 40.0 mL
stainless steel cylinder containing H, (2.28 mmol) and anhydrous HF (1.14 mmol) at -196 °C.
The mixture was allowed to react for 30 min. followed by pumping off the excess H, and Ne at
-196 °C. Finally, the vessel was pumped at -94 °C to remove any OF, (vapor pressures; 1 Torr

and 760 Torr at -196 °C and -144.5 °C). The activity was assayed before proceeding.

Preparation of ['*F]-AsF,

Fluorine-18 labelled AsF was prepared by condensing a Ne/['*F]-F, mixture into a 40 mL
stainless steel cylinder containing H, (2.40 mmol) and AsF; (1.10 mmol) at -196 °C. The vessel
was warmed to -70 °C and allowed to react for 32 minutes after which the excess Ne and H,
were pumped off at -196 °C. The vapor pressures of AsF are 1 Torr at -117.9 °C and 760 Torr -
52.8 °C, making it possible to separate ["*F]-OF, and ['*F]-AsF, using standard vacuum

techniques. The vessel was assayed and then warmed to -124 °C in a pentane slush bath in order
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to pump off the ["*F]-OF, without loss of any of the ['*F]-AsF.. In separate experiments, the
above procedure was repeated, but the vessel was assayed to account for '*F loss due to
absorption on the walls of the steel cylinder, thus allowing a determination of the activity lost
due to [*F]-OF,. The cylinder was warmed to -94 °C in a methanol slush and connected to U-trap
cooled to -196 °C. The {'*F]-AsF; was slowly pumped into the U-trap under a dynamic vacuum
and upon completion the U-trap and steel cylinder were assayed separately. Generally between
4 - 12% of the activity initially produced consisted of ['*F]-OF, impurity.

In order to confirm the presence of OF, in the cyclotron product, we will also run a ’F
NMR spectrum on the target gases in HF. The °F NMR shift for gaseous OF, is found at 248
ppm. The OF, molecule has been shown by microwave spectroscopy to be a symmetrical bent
AXE, species with a 103° angle, therefore, the two fluorine environments are identical and thus

give rise to a singlet in the '°F spectrum. In addition, the F, singlet should b found at 422 ppm.

Mechanistic Evidence for F.As---F-F

Considering the AsFJ/F, and HF/F, systems, the theoretical relative equilibrium
distributions of activity would be 71.4% on the AsF; and 28.6% on the F, and, in the HF
exchange, 66.6% would be on the F, and 33.3% on the HF. This assumes, however, that the
exchange is fast and within the time constrainfs of the experiment, which are, in turn, determined
by the 110 min half-life of '°F.

To date, we have determined that F,/H"F, F/H'*F/AsF,, F,/As”F, and F,/H"*F/Xe
mixtures do not undergo exchange with F, in the dark in an FEP vessel after 0.5 to 0.75 hrs
when HF is present as a liquid phase and the pressure of "cold" F, is 4 atm. However, we have
determined that Xe is rapidly fluorinated (significant activities were detected after 0.5 hr.) when
an equimolar amount of AsF; was added to the mixture or when liquid F,/liquid As'*Fs mixtures
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are used at -60 °C. Moreover, the salt, XeF*AsF,, was isolated from both systems and found to
contain the radioactive label. Interestingly, '*F was also not found in the unreacted F, of the
reactions involving xenon. The later fact provides the clearest evidence for the proposed F,
activation mechanism (equations (14) and (15)). In a related experiment, we have shown that
H'®F and AsF; undergo rapid fluorine exchange to produce [**F]-AsF;. Thus, in HF solutions of
AsF; and in the preparation of ["*F]-AsF., AsF; clearly contains **F-label and forms a *F-labelled

activated donor-acceptor complex with F, according to equation (14)
("*F]-AsF; + F, ———> ["*F]-F,As---F>-F* (14)

The activated complex is expected to be a strong electrophile. At the same time, Xxenon is
expected to behave as a nucleophile towards the activated complex, leading to homolytic cleavage

of the F-F bond
['*F)-F;As---F-F* + Xe —> [®F]-F;As---F*-F*---Xe —> ["®F]-AsFy + F-Xe' (15)

According to this mechanism, no cold/hét fluorine exchange can occur unless the activated
complex actually reacts with xenon, that is to say, the unreacted complex simply dissociates
according to the reverse of equation (14!)‘ resulting in no exchange of '*F onto cold F,. The
alternative mechanism would also involve a radical mechanism and homolytic cleavage of the

F-F bond (equation 16), and would be expected to result in '®F/"*F scrambling according to

equations (17) - (19).

("*F]-F,As---F>-F* ————> [®F]-FAs: + F: (16)




["*F)-FAs + F ————> [¥F)-F,As---"F-F* ——> ['"F]-F, + [""F]-AsF;  (17)
[*F}-F- + Xe ———> ["®*F]-F-Xe- (18)
[®F)-F-Xe- + [®*F]-F,As: ————> |“F}-AsFy + ["*F}-F-Xe (19)
!
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PART Xl
GENERATION OF A MICROWAVE-EXCITED DISCHARGE IN A

® LIQUID-NITROGEN COOLED DIELECTRIC TUBE




BACKGROUND

We have sought to develop new low-temperature synthetic methods which yield
significant quantities of nove! o.idant materials. Although methods such as matrix isolation
and/or gas phase spectroscopic characterizations may indicate the existence of suitable novel
species, thes~ wchniques generally do not produce isolable products that may be studied in an
applied setting. Two such examples which are targeted by the present contract are ArF and
XeH®, both of which have been characterized in the gas phase but have not been isolated.
Towards this end we have designed and built a microwave resonator which is capable of exciting
a gas discharge in a dielectric enclosure that is immersed in liquid nitrogen.

Due to the corrosive gas mixtures employed, e.g., F, and OF,, DC excitation and other
methods that require electrodes are completely unsuitable. The proposed technique uses
high-power microwave (2.45-GHz) radiation, and accordingly does not require electrodes to be
in contact with the discharge. The location of all reactive materials away from direct contact
with the plasma helps alleviate problems such as gas clean-up and alternative chemistry resulting
from electrode attack by the agressive oxidants we are proposing to study. Lower frequency RF
techniques share this advantage, but there are differences between these methods and microwave
excitation.

Electronic wall collisions become less probable as the frequency of the applied field is
increased. This can be seen be examining the excursion of a free electron in a sinusoidal electric

field that has peak field E and frequency f. The excursion amplitude is

Fe
—_ 1
m(2nf)? (1)




where the electronic mass is m = 9.1 x 10" kg, and its charge is e = 1.6 x 10" C. The
dielectric strength of dry air is 3 MV/m, which represents a useful upper limit for E. For f =
2.45 Ghz, the maximum travel (2A) for a single electron is only 4.5 mm. Of course, under most
circumstances the value of E will be orders of magnitude lower, and the value of A will be
reduced still further by electronic collisions. For example, if E is now taken as 30 kV/m (which
is easily attainable in a practical cavity), then the maximum travel is reduced to 45 um.
Examination of equation (1) indicates that wall collisions are of sharply increasing importance
as the frequency is decreased, and of little importance at microwave frequencies.

By creating a suitable discharge cavity, electric fields may be created that are large
enough to excite a gas sample that is enclosed (in a dielectric envelope) within the cavity. The
provision of liquid-nitrogen cooling for the discharge tube is possible because the loss tangent
for liquid nitrogen is low enough at 2.45 GHz that microwave absorption is insignificant. A
transmission line 1s used to couple the discharge cavity to the oscillator.

The problems of microwave leakage can be controlled by sensible design of the
microwave components of the system. It is usually advisable to make all resonant and
transmission structures closed so that there is no need for external EMI shielding. In particular,
extensive use of waveguides operating below cutoff can allow visual and physical access to

internal regions of the apparatus.

MICROWAVE GENERATION

The microwave radiation is generated by a 2M209A magnetron. A magneton is




essentially a high-power vacuum-tube diode that is operated in forward bias. Because of this,
the I-V curve has a very steep slope, and stable DC operza*ion is difficult to achieve. Therefore,
the magnetron is powered by a half-wave voltage doubler circuit, as is usually found in a
microwave oven. In this method, the power is applied in a train of pulses at a rate of 60 Hz.
A schematic diagram of the power supply is given in Figure 1.

As is the case with almost all high-power vacuum tubes, magnetron operation requires a
hot cathode in order to allow electrons to be ejected easily via thermionic emission. For this
purpose, a low-voltage (3-V) high-current (12-A) AC winding is provided on the core of the main
transformer to heat the cathode filament. The main power supply uses the high voltage
secondary winding that is on the same core. The high-voltage that is generated on that winding
is AC coupled to the cathode of the magnetron. The diode is used to clamp the anode potential
to ground. Note that the filament circuit is at high-voltage with respect to ground, and that the
cathode heater cannot be powered independently of the main circuit.

With this configuration, the 2M209A magneton is capable of delivering nearly 2-kW
peak power in 8-ms pulses, with an average power in excess of 500 W. It is possible to use a
variable transformer to adjust the line supply and modify the magnewon output. The fact that
the filament power is taken from the main core is a complication. If there is insufficient power
to the filament. the magnetron will not operate. However, once magnetron oscillation is initiated,
secondary emission and electronic collisions with the cathode allow the microwave output to be
reduced to a stable power level of approximately 50% before the filament cools intolerably and

oscillation is terminated.
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EXCITATION CAVITY DESIGN AND OPERATION

A cross-section of the microwave structure is shown in Figure. 2. A co-axial transmission
line is used to deliver the magnetron output to the discharge cavity, which is kept submerged in
liquid nitrogen. The discharge is excited in a dielectric tube (not shown) positioned within this
cavity. A small probe couples the discharge to the inner conductor of the transmission line.
The outer conductor by itself is a waveguide below cutoff; it cannot support propagating waves.
The same is true of the discharge cavity. Any microwave radiation that is launched into such
a structure is exponentially attenuated. Quantitatively, the power attenuation for a length L is

given (in decibels) by

. L 2 2
Total Power Attenuation = 8.6864n 9 ca‘/L -A'codB (2)

where A is the free space microwave wavelength and A_, is the cutoff wavelength, which only
depends on the width and geometry of the conductor. As an example, a circular tube of 3-cm
diameter and 8-cm length provides over 140 dB attenuation for 2.45-GHz radiation.
Positioning an inner conducfor within the outer conductor creates a coaxial transmission
line. The inner conductor is supported at each end by a "shorting” pin. This metal pin is
electrically connected to both conductors and so forms a near short circuit (actually, the
termination is slightly inductive). However, these short circuits are located a quarter of a
wavelength from the magnetron antenna and the discharge antenna, and so they act as an open
circuit at those junctions. The distance between the inner conductor and the magnetron antenna

can be adjusted by loosening a set screw and sliding the inner conductor along the shorting pin.




Magnetron\ /Shorting Pin )

@”m” 1;/Tuning Screws

/Outer Conductor
/Inner Conductor

/De war

-

In

/Discharge ®

Figure 2. Cross-section of microwave apparatus. The heavy lines indicate the outer

conductor and discharge cavity.




This adjustment varies the amount of capacitive coupling between the magnetron and the
discharge. A similar adjustment can be made at the other end of the apparatus. Further tuning
(in the form of variable shunting capacitances) is provided by the two screws indicated in Figure
2. Provided that dielectric tools are used, all of these adjustments can be safely made during
full-power operation.

The electrical equivalent of this apparatus is shown in Figure 3. Note that the
quarter-wave shorted stubs are omitted for the reasons given above. By making suitable tuning
adjustment, microwave coupling efficiencies in excess of 80% should be possible. Similarly, it
should be possible to generate low-power discharges by detuning the apparatus.

The mechanical design of the apparatus is extremely well suited to its purpose. The
open-ended structure will allow a low-pressure path for the escape of gaseous nitrogen from the
discharge cavity. In addition, ample visual access of all interior portions of the apparatus allows
the rapid detection unwanted discharges and similar problems. Furthermore, the arrangement of
the discharge cavity allows the use of different discharge-tube designs to be examined.

The method will be initially assessed by carrying out discharge experiments on gaseous
fluorine and solid krypton mixtures in %" and %" o.d. sapphire tubes with the tube axis paraliel
to the conductors. These experiments will allow us to assess the viability of using this method
to produce fluorine atoms at 1ow; temperature, which will be quantified by the KrF, yields in
these experiments. If these preliminary experiments are successful, our efforts will be directed

towards achieving the synthetic goals using microwave discharges outlined in our proposal.
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